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Cover image of Vol. 2: The cover image illustrates the generally complex atmospheric aerosol situ-
ation over the Mediterranean basin. It shows the aerosol optical depth at 550  nm over the 
Mediterranean and surrounding regions (25°N–55°N, 20°W–40°E) on June 29, 2013, 09 UTC, 
from the ECMWF atmospheric composition reanalysis 4 (EAC4) as produced by the European 
Copernicus Atmosphere Monitoring Service (CAMS; (https://atmosphere.copernicus.eu). Sea-
salt, sulfate, biomass burning, and mineral dust aerosol contributions are plotted with a dark to 
light blue, yellow, red and beige color scale, respectively. The cover image of Volume 1 shows the 
situation 2 days before (27 June, 00 UTC). Color scales and more details are given in the introduc-
tion chapter of Volume 1. ©ECMWF, courtesy of Miha Razinger and Vincent-Henri Peuch
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Foreword

The Chemistry-Aerosol Mediterranean Experiment (ChArMEx) has initiated and 
coordinated exciting international research, and contributed impressively to the sci-
entific understanding of atmospheric chemical and climate processes in a region 
that can be characterized as a global environmental change “hot spot”. The 
Mediterranean region, at the crossroads of three continents, has historically been a 
pivot of civilization where humanity thrived in a favourable environment. Currently, 
it houses nearly half a billion people in about two dozen nations, while droughts and 
heat extremes are becoming increasingly common. In some areas, population 
growth is rapid, and environmental pressures and socio-economic, cultural and reli-
gious differences pose major challenges. Environmental science cannot claim to 
resolve them but can guide in preventing overexploitation, toxic pollution levels and 
disruption of ecosystems and help to find the optimum between agricultural, indus-
trial and urban development and healthy living conditions. This provides the neces-
sary framework to achieve prosperity. Because air pollution and climate change in 
the Mediterranean "hot spot" are indiscriminate concerning national boundaries and 
political orientation, the region must inter-connect to address them. To me, this is 
both a challenge and an opportunity.

ChArMEx has analysed biogeochemical cycles that influence the atmospheric 
composition, and to what degree they are perturbed by anthropogenic emissions. 
These perturbations have consequences for marine and terrestrial ecosystems, 
involving eutrophication and exposure to air pollution. As an example, research in 
the past addressed reactive nitrogen input into Mediterranean ecosystems, while 
more recently it also includes phosphorus, transition metals and toxic substances, as 
their human-induced deposition changes nutrient availability. Another example is 
aeolian dust, of which roughly a quarter is anthropogenic, while the particle compo-
sition is perturbed by interactions with air pollutants. The uptake of acids by air-
borne desert dust, notably nitric acid (from nitrogen oxide emissions), leads to the 
mobilization of mineral cations. This influences nutrient deposition, and also 
changes the physicochemical properties of the particles, which affects air quality 
and the availability of cloud condensation nuclei. Pristine dust particles are poor 
condensation nuclei, but the interaction with air pollution makes them more 
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hygroscopic, promoting their growth into clouds droplets with consequences for 
climate and the water cycle.

Human-induced emissions of a host of gases (primary pollutants) that are chemi-
cally converted into secondary pollutants during atmospheric transport influence air 
quality and climate. For example, volatile organic compounds, of both natural and 
anthropogenic origins, are photochemically oxidized, and in the presence of nitro-
gen oxides (NOx), ozone is formed that damages biological tissue. This is relevant 
for terrestrial ecosystems and crops, leading to substantial economic losses. 
Conversely, the increasingly water-stressed vegetation less efficiently removes 
ozone (as leaves close their stomata), which intensifies air pollution episodes. Ozone 
is also a potent greenhouse gas and, together with methane, causes a radiative forc-
ing of climate that rivals that of carbon dioxide from the use of fossil fuels. Sulphur 
dioxide and NOx from the same sources form sulphate and nitrate particles (aero-
sols), a process that is promoted by the presence of ammonia from agriculture. 
Further, primary and secondary organic compounds are key contributors to aerosols. 
The concentrations of atmospheric particles in the Mediterranean region are very 
high, even though European emissions have decreased in the past few decades. 
While the western Mediterranean has profited from the European pollution reduc-
tions, in the eastern Mediterranean, with several major megacities, emissions are 
still increasing. A related issue is the occurrence of forest fires, which have become 
a major hazard. Next to fossil fuel use, the burning of vegetation is a strong source 
of air pollution, for example NOx, organic and black carbon, which is another con-
nection between air pollution and climate change.

The documentation and analysis of these processes by ChArMEx has provided 
important data and knowledge to develop modelling tools that compute biogeo-
chemical cycles, air quality and climate and enable integral studies of the above- 
mentioned anthropogenic effects. Models are also essential for scenario calculations 
to support policymaking. There is a need for regional atmospheric and climate mod-
elling of the Mediterranean, as land-sea interactions and the pronounced topogra-
phy affect the meteorology. Recent projections of the Mediterranean climate 
indicate that torrential rainfall events could increase, even in areas that are subject 
to drying. This means that precipitation will occur in fewer but more extreme rain-
storms. If this comes true, we can expect major repercussions for water availability 
and agriculture. Heat extremes and droughts have additional, important ramifica-
tions for agriculture, public health and society, with the potential to contribute to 
political tension and even migration in some parts of the Mediterranean. To be pre-
pared for such developments, it is imperative to pursue high-resolution modelling of 
future scenarios through the Coordinated Regional Climate Downscaling Experiment 
(CORDEX) of the World Climate Research Programme.

It has long been known that heat extremes have serious health impacts by aggra-
vating chronic diseases such as cardiovascular and respiratory conditions, leading to 
premature mortality. In recent decades, heat-related mortality in summer has 
increased steeply, which was not compensated by a reduction of cold-related mor-
tality in winter. This trend will undoubtedly continue in future. Heatwaves are 
extended episodes with unusually high temperature, with stagnant weather 
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conditions during which air pollutants accumulate. Therefore, part of the excess 
mortality is related to short-term health impacts from poor air quality, for example 
by ozone and fine particulate matter. Also, the long-term exposure to these pollut-
ants, even at relatively low concentrations, enhances morbidity and mortality, 
mostly related to the same chronic diseases, including cancer. Recent studies docu-
ment that a larger variety of diseases is involved than assumed previously, such as 
diabetes, hypertension and neurological disorders. The World Health Organization 
has issued air quality guidelines, but they are violated nearly everywhere. Despite 
the compelling scientific evidence, the health risks are often under-appreciated. Air 
pollution is a major health hazard, with a public health impact that compares to 
tobacco smoking, for example. Fossil fuel use is a major pollution source, common 
to air quality and climate change. Living up to the 2015 Paris climate agreement 
could, therefore, achieve multiple benefits.

ChArMEx has provided a foundation for environmental policymaking, promoted 
by its international dimension, which can be further extended in the years to come. 
It is important to involve Mediterranean countries from all points of the compass, 
especially those that are still low-performing in environmental science. ChArMEx 
has furthered inter-disciplinary research, linking aspects of the atmosphere, ocean 
and climate towards Earth system science with a Mediterranean focus. This needs 
to continue, as many of the important feedbacks in the system need to be understood 
more quantitatively, by combining computer modelling with observational studies, 
and pursue attribution, impact and policy assessments. I am confident that it will 
continue, as ChArMEx has established a strong research community, being demon-
strated by the science presented in the chapters of this book.

Jos LelieveldMax Planck Institute for Chemistry (MPIC)
Mainz, Germany 
Climate and Atmosphere Research Center (CARE-C), The Cyprus Institute
Aglantzia, Nicosia, Cyprus,
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Preface and Acknowledgments

Air is fundamental to life on Earth. To speak only of humans, we each breathe 
10–15 kg of air every day. Though atmospheric chemistry has been developed quite 
recently as a science, we now understand how small modifications of the atmo-
spheric composition are important to life and the environment. Our health and, more 
generally, ecosystems on land and in the ocean, and even the climate, are all deeply` 
impacted by reactive gases and aerosols, which are at the center of atmospheric 
chemistry. These trace compounds represent less than 0.1% of the atmospheric 
composition but can no longer be neglected in our understanding and modeling of 
the complex Earth system.

The atmosphere is a vast chemical cauldron, in which a quasi-infinite number of 
trace compounds are mixed and transported, and react together to form new species. 
This is especially true in the Mediterranean region, which can be seen as an atmo-
spheric chemistry hotspot, which we believe deserves to be highlighted. Indeed, the 
Mediterranean Sea is a wide oceanic basin of major economic importance, whose 
marine atmosphere is controlled mainly by long-range transported continental air 
masses from three different continents to its north, south, and east sides, each con-
trasted in terms of air pollution sources. In addition, the specific atmospheric circu-
lation in the Mediterranean region, influenced by peripheral mountain ranges and 
arid areas, and its specific climate with a long dry, warm, and sunny season favor 
natural emissions as well as the accumulation of pollutants and the photochemical 
production of secondary species formed within the atmosphere, such as ultrafine 
secondary aerosol particles and ozone. The Mediterranean coasts also host many 
large industrial harbors and ever-growing urban centers, increasing regional anthro-
pogenic pressure. Poor air quality combined with impacts of climate change already 
strongly affects this region and raises the issue of its future inhabitability.

This book intends to augment information from many existing books on the 
Mediterranean region with an original and comprehensive diagnostic of the regional 
atmospheric chemistry. Our overview not only considers the full atmospheric chem-
istry processes including emissions, transport, transformation, and sinks of pollut-
ants but also addresses the main impacts of the regional atmospheric chemistry, 
including radiative effects, interactions with clouds and precipitation, feedbacks on 
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climate, adverse health effects, and the transfer of nutrients and pollutants to ter-
restrial and marine ecosystems.

The three co-editors of this book have a long and complementary expertise in 
atmospheric chemistry. Altogether, we have been witnessing several decades of sci-
entific progress in this particular field and have contributed to the growing focus of 
the scientific community on the Mediterranean region.

In the late 1970s and early 1980s, oceanographers realized the importance of 
long-range atmospheric transport of trace substances on the composition of remote 
surface marine waters and began sampling atmospheric aerosols at sea during 
oceanographic cruises. Within his PhD study in the mid-1980s, François Dulac 
(FD) demonstrated the importance of continental air masses in driving the content 
of trace elements in the lower troposphere over the Mediterranean basin based on 
such samples, combining geochemical approaches and some of the first computed 
3-D air mass trajectories. He also showed a high variability in the aerosol load and 
deposition that justified the implementation of continuous monitoring strategies. 
Early meteorological satellite images showed the impact of ship plumes on cloud 
properties and the impact of large desert dust plumes on the regional Earth radiative 
transfer in marine areas.

The progressive development of quantitative aerosol products from passive satel-
lite imagery, to which FD contributed in the Mediterranean region in the 1990s, 
including the setup of the first near real-time desert dust regional monitoring system 
as part of the European project MEDUSE (the Mediterranean Dust Experiment), 
offered a new view of the ubiquity of long-range transport of aerosols in the marine 
atmosphere. The question of aerosol impacts on climate went beyond the simple 
issue of a global nuclear winter or major volcanic eruptions. Early use of aerosol 
lidars, active remote sensing instruments, for the monitoring of the vertical dimen-
sion and their combination with passive remote sensing demonstrated the complex 
vertical structure of the aerosol layers in the Mediterranean troposphere and opened 
the way to accurate accounts of their radiative impact. This was the basis of the PhD 
study of Eric Hamonou (EH) in the late 1990s. Awareness levels of the great sensi-
tivity of the Mediterranean environment to climate change and anthropogenic pres-
sure, both enhanced in this region, were rising. In the mid-2000s, this uncertain 
future led the French science community to call for a large research program in 
order to investigate the future inhabitability of the Mediterranean region.

At the initiative of the French Institut National des Sciences de l’Univers (INSU), 
a multidisciplinary and multiagency program entitled MISTRALS (Mediterranean 
Integrated Studies at Regional and Local Scales) was established for the period 
2010–2020, and later endorsed by the Union for the Mediterranean, with the objec-
tive of international cooperation. The aim was to study the entire Mediterranean 
environment and its future in the context of global change and increasing anthropo-
genic pressures. Besides the major topical issue of the regional water cycle within 
MISTRALS, FD put forward the question of the aerosol impacts on the regional 
climate and ecosystems and their possible future evolution. After three years of 
preliminary studies (supported in particular by the French program LEFE—Les 
Enveloppes Fluides et l’Environnement) and a joint effort by the aerosol and gas 
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chemistry communities, the project ChArMEx (the Chemistry-Aerosol 
Mediterranean Experiment) was established in 2010. Two years later, EH took over 
the management of the ChArMEx project. In addition to facilitating the organiza-
tion of the experiments, he promoted scientific dissemination and outreach on the 
importance of atmospheric chemistry and its impacts in the Mediterranean region. 
Organic chemistry and secondary organic aerosol formation, which were both 
poorly understood and reproduced by air quality models, were among the main 
emerging scientific issues, into which Stéphane Sauvage (SS) deeply invested from 
the early 2010s through the setup of the first monitoring system of volatile organic 
compounds in a remote Mediterranean site. This system was successfully operated 
for over more than two years, including several intensive campaigns at the ChArMEx 
station installed from scratch in containers of Météo-France and CEA on the heights 
of Ersa in northern Corsica, in the background atmosphere of the northwestern 
Mediterranean basin. In the second phase of the project, SS took over the coordina-
tion of research actions dealing with the source apportionment of reactive atmo-
spheric pollutants over the Mediterranean basin as a complementary approach for 
emission inventory assessment.

With important funding support from a variety of French institutions (~12 M€ in 
total, excluding permanent staff salaries), ChArMEx has federated a large interna-
tional scientific community on atmospheric chemistry to perform studies in the 
Mediterranean region. An unprecedented experimental effort was set up, including 
several large field campaigns with research aircraft, balloons, and vessels, first 
mainly focused on the western Mediterranean basin before developing more in the 
eastern basin, but with unfortunate limitations following budget issues.

This academic book is an initiative of the ChArMEx scientific community to 
conclude the end of the ChArMEx project. It aims to review and update the scien-
tific knowledge in regional atmospheric chemistry by integrating both ChArMEx 
and non-ChArMEx literature. The book content partially relies on an unpublished 
white book on Mediterranean aerosols written in 2007–2010 to support the project 
initiative, which gathered and listed approximately 650 references only considering 
aerosols. Since then, the literature on regional atmospheric chemistry has increased 
substantially, in particular in terms of organic chemistry thanks to the development 
of new measurement techniques, in particular mass spectrometry. As of this writing, 
more than 140 articles associated with ChArMEx have been published in high-level 
peer-reviewed journals, including more than one hundred in a special issue jointly 
published by the two journals Atmospheric Measurement Techniques and 
Atmospheric Chemistry and Physics. ChArMEx has produced or contributed to 
many original results in terms of aerosol properties and climatology, quasi- 
Lagrangian monitoring of ozone and aerosols with drifting balloons, transport of 
very large African dust particles, dust and trace metal deposition fluxes, large-scale 
new particle formation, aerosol chemical composition, gaseous phase chemistry, 
pollutant emissions in large urban-industrial centers (namely Athens, Beirut, Cairo, 
Istanbul, Marseille), assimilation of observations from an aerosol lidar network in 
particulate air quality modeling, improvement of chemical modeling, and more. 
ChArMEx has developed strong cooperation with the climate and marine 
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biogeochemistry science communities (with the MISTRALS projects HyMeX and 
MERMEX, in particular) to quantify the aerosol impact on the regional climate and 
on marine biogeochemistry. ChArMEx has also established a network 
(ARCHIMEDES) coordinated by EH and set up a school with the health commu-
nity to raise interest in the impact of atmospheric pollution on human health, in 
particular in the eastern and southern Mediterranean countries. Beyond the consid-
erable update to the field of atmospheric chemistry and its impacts that this book 
attempts to present, many open questions remain, and the two volume conclusions 
summarize recommendations for future research issued from the different book 
chapters.

Since this book is closing ChArMEx, we would like to emphasize that this proj-
ect is the result of an exceptionally large cooperation of the regional atmospheric 
science community, which built and performed very exciting experimental cam-
paigns and contributed to fruitful scientific exchanges. We have a particular thought 
for our former colleagues and friends Laura Chiappini, Laurent Gomes, Savvas 
Kleanthous, and William Lahoz who sadly left us prematurely during the ChArMEx 
project, as well as for two other highly motivated colleagues from Cyprus and 
France who were not able to contribute as much as planned due to severe health 
concerns.

It is also time to acknowledge the many French institutions that funded ChArMEx 
and favored international cooperation, including ADEME, ANR, CEA, CNRS- 
INSU, CNES, Météo-France, Ministère des Affaires Étrangères, IMT Nord Europe, 
Regional institutions of Corsica (CTC) and Provence-Alpes-Côte d’Azur (PACA), 
and universities of Clermont-Ferrand, Lille, Marseille, Paris, and Versailles-St- 
Quentin. Even though some of them sometimes made life of the project coordina-
tion rather painful and its management particularly heavy, due to multiple 
independent funding sources and schedules, extremely long administrative delays, 
strong unexpected budget cuts, and very late decisions, they nevertheless allowed us 
to organize and achieve an exciting decadal scientific project including our summer 
2013 major experimental campaign with more than 3000 person-days in the field, 
illustrated by the on-line video documentary Science en Plein Ciel/Science on Air 
(in French with possible English subtitles: https://images.cnrs.fr/video/4843, last 
access 16 May 2022). In particular, the French program LEFE/CHAT (Les 
Enveloppes Fluides et l’Environnement/Chimie Atmosphérique), which supported 
the preparation phase of ChArMEx, and the early funding from ADEME have been 
crucial for the successful initiation of our project. Among too many other support-
ing teams to be listed, the SAFIRE aircraft teams, the CNES balloon teams, the 
SEDOO data and service center staff, the French AERONET component PHOTONS 
(Photométrie pour le Traitement Opérationnel de Normalisation Satellitaire; http://
www- loa.univ- lille1.fr/photons; last access 16 May 2022), the MISTRALS admin-
istrative group, and the LSCE direction and administrative group played a particu-
larly important role for the success of ChArMEx-France. We also thank in particular 
for their essential support and help Aurélien Bourdon (SAFIRE), Véronique Chagué 
(INSU), Marie-Anne Clair (CNES), Elsa Cortijo (CEA/LSCE), Hélène Ferré (OMP/
SEDOO), Laurence Fleury (OMP/SEDOO), Dominique Le Quéau (INSU), Vanessa 
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Martray (INSU), Nathalie Poisson (ADEME), Etienne Ruellan (INSU), Michèle 
Schaldembrand (INSU), and Nicolas Verdier (CNES). Setting up a comprehensive 
monitoring station at a remote location in Cape Corsica was a challenge and, among 
the many people involved in its success, we are especially grateful to Pierre Chiarelli, 
Jean-Luc Pajolet, and Jean-Luc Savelli (Qualit’air Corse) for their important sup-
port, and to Florent Bordier (Qualit’air Corse), Thierry Bourrianne (CNRM), Zineb 
Liraki (CIRMED), José Nicolas (LSCE), Véronique Pont (LAero), Jean Sciare 
(LSCE), Emmanuel Tison (IMT  Nord Europe), for their crucial contribution to 
operate the station.

International cooperation has been wide all along the project despite our lack 
(within a hair) of significant EU funding, which unfortunately prevented the partici-
pation of two major European research aircrafts, namely the British BAe-146 and 
the German HALO. We would like to warmly thank all international contributors, 
with special thanks to Michaël Sicard and Xavier Querol (Spain), Giorgio di Sarra 
(Italy), Raymond Ellul (Malta), Nikos Mihalopoulos (Greece), Jean Sciare (Cyprus), 
Noureddine Yassaa (Algeria), Mohamed Labiadh (Tunisia), Wolfgang Junkermann 
(Germany), John Wenger (Ireland), Uri Dayan (Israel), Fatma Öztürk (Turkey), 
Charbel Afif (Lebanon), and Claire Reeves (UK) for their role and contributions to 
the overall building and execution of our experimental effort. International teams 
and institutes involved at some point in ChArMEx are too many to be acknowledged 
individually, but we would like to emphasize (i) the NASA AERONET network and 
the many scientists involved in the management of the Mediterranean AERONET 
stations for their long-term effort to provide particularly useful high-quality data, 
with special thanks to Alexander Smirnov for supporting the ChArMEx AERONET/
MAN campaigns at sea, and (ii) the ACTRIS/EARLiNET network and the many 
scientists who made possible a continuous 3-D lidar monitoring for a model assimi-
lation exercise. We also wish to especially thank the Universitat Politécnica de 
Catalunya, Barcelona, Spain; the International Centre for Theoretical Physics 
(ICTP), Trieste, Italy; and the Cyprus Institute, Nicosia, Cyprus, for hosting and 
sponsoring one of the five ChArMEx international conferences and, in the case of 
ICTP, an international school made accessible for the first time by internet follow-
ing our request. We apologize to the National Observatory of Athens (NOA) and 
panhellenic PANACEA research infrastructure that the Sixth ChArMEx conference 
planned in fall 2019 with their support was not held due to a severe ChArMEx- 
France budget cut.

Finally, we are very grateful to (i) the book section coordinators and all contrib-
uting authors – one hundred coming from institutions in 16 different countries – for 
their rich contributions, (ii) all – about 50 – chapter and section reviewers for their 
valuable help and inputs on the initial manuscript, (iii) Miha Razinger for providing 
the cover and related ECMWF/MACC model images, and (iv) Jos Lelieveld for the 
“Foreword” to this publication.

We do hope that our book will meet its objective and be a source of interest for 
the academic community involved in atmospheric chemistry in the Mediterranean 
region and beyond.
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Abstract (same as Vol. 1)

The Mediterranean region is heavily polluted by particulate and gaseous reactive 
pollutants from a great variety of natural and anthropogenic sources originating 
from the basin itself and from its three different bordering continents (namely 
Europe, North Africa, and the Middle East). It is undergoing increasing anthropo-
genic and climate change pressures, which questions its future inhabitability. 
Atmospheric Chemistry in the Mediterranean Region presents a review of an abun-
dant literature on the topic of air pollution and includes yet unpublished results. Its 
41 peer-reviewed chapters have been contributed by a large international panel of 
100 scientists all recognized in their field, from institutes in 16 different countries, 
among which a great number have been involved in the Chemistry-Aerosol 
Mediterranean Experiment (ChArMEx), the largest ever research project dedicated 
to the study of the Mediterranean atmospheric chemistry. It is an invaluable source 
of scientific information for anyone interested in the Mediterranean atmospheric 
pollution and its impacts, reviewing several decades of studies on atmospheric 
chemistry in the Mediterranean region, starting with radioactive aerosol measure-
ments in the 1960s, including the ChArMEx project contribution all along the 
2010s. Volume 1 first considers background information relevant to the regional 
tropospheric chemistry and its future evolution, including atmospheric circulation 
and climate, and anthropogenic pressures. It also describes the spatial and temporal 
distributions and trends of aerosols, ozone, inorganic aerosol precursors and organic 
volatile compounds. Volume 2 first addresses the various aspects of the atmospheric 
cycle of aerosols and reactive gases including emissions, chemical processes, vari-
ous aerosol properties, and deposition. The last parts are dedicated to the major 
impacts of atmospheric pollutants on the regional radiative budget and climate, on 
human health, and on marine and terrestrial ecosystems. Conclusion chapters of the 
two volumes summarize recommendations for future research issued from the dif-
ferent chapters.
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Abstract This chapter is a brief introduction to the second volume of the present 
book reviewing atmospheric chemistry and most important impacts of atmospheric 
pollutants in the Mediterranean region. We list the various topics addressed in Vol. 
2, which is structured in six thematic sections (book parts V to X) dedicated to: (V) 
regional emissions of natural and anthropogenic pollutants, a critical term in 
understanding atmospheric pollution; (VI) important chemical processes that 
impact gas and aerosol concentrations; (VII) aerosol properties that mediate their 
impact on chemistry and climate; (VIII) atmospheric deposition, which controls 
the transfer from land to the Mediterranean Sea of mineral dust, nutrients, and 
contaminants; (IX) impacts on climate and precipitation chemistry; and (X) 
impacts of air pollution on human health and ecosystems. A conclusive chapter of 
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Vol. 2 summarizes recent progress and issues some recommendations relative to 
the topics reviewed in the volume.

1  Introduction

This introduction is a review of tropospheric chemistry and its main impacts on the 
Mediterranean region. It comes after more than four decades of related scientific 
studies, from the first publications in the late 1970s up to the very active last decade 
(2010–2020) that has seen many national and international research projects dedi-
cated to the Mediterranean atmospheric chemistry. Of particular note is the greatest 
ever federative research and networking effort in this field, the Chemistry-Aerosol 
Mediterranean Experiment (ChArMEx; see in particular the ChArMEx special 
issue that gathers more than 100 articles: https://www.atmos- chem- phys.net/spe-
cial_issue334.html; last access 21 July 2022). The book is an initiative of the 
ChArMEx scientific community to conclude the project, prepared as of 2007 and 
officially started in 2010 as part of the French 2010–2020 program MISTRALS 
(Mediterranean Studies at Regional and Local Scales; https://programmes.insu.
cnrs.fr/mistrals/; last access 21 July 2022).

Atmospheric chemistry is considered as the study of reactive trace compounds in 
the lower Earth’s atmosphere, that is, thousands of species present in both aerosol 
and gaseous phases, with relatively short lifetimes and subsequently a high tempo-
ral and spatial variability, with a possible order of magnitude variability in atmo-
spheric concentrations on typical daily and regional scales. Atmospheric chemistry 
has been the subject of many general books from Mészáros (1981) to Seinfeld and 
Pandis (2016), and from Jacobson (2005) to Brasseur and Jacob (2017) for its mod-
eling. The objective of this new book on atmospheric chemistry focused on the 
Mediterranean region is an updated assessment of our understanding of the regional 
cycle of short-lived species in the lower atmosphere and their impacts on the inhab-
itability of the region. This includes their sources, transport, transformations, sinks, 
interactions with and feedback on climate and ecosystems, variability, past trends, 
and future evolution.

This is an ambitious journey through the abundant past and recent literature and 
represents a very large amount of knowledge to compile in order to cover major 
results from field campaigns, surface monitoring stations, satellite observations, 
laboratory studies, air quality surveys, and chemistry-transport and climate model-
ing. In addition, the book also presents original material, in particular from 
ChArMEx. The total amount of contributions needed two volumes (Dulac, Sauvage, 
& Hamonou, 2022, 2023).

The first volume (Dulac, Sauvage, & Hamonou, 2023) is dedicated to the descrip-
tion of the Mediterranean atmospheric chemistry hotspot, reviewing general aspects 
that make this region one of the most important places in the world for both atmo-
spheric chemistry and its impacts. At first, an introduction presents the 
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ChArMEx- related field operations in the Mediterranean region during the last 
decade, from which many recent results presented in this book are issued 
(Dulac et al., 2023). This observational effort is further illustrated by a series of 
maps presented in an appendix. Volume 1 is structured in four different parts that 
respectively address: (I) general aspects, including climate and anthropogenic pres-
sures (Dulac, 2023); (II) the regional dynamics and its relation with atmospheric 
pollution, with a focus on the highly polluted summer season (Dayan, 2023); (III) 
aerosol distribution and variability from the diurnal scale to long-term trends, 
including the consideration of radionuclides (Mihalopoulos, 2023a); and (IV) reac-
tive gas distribution and variability, including ozone, inorganic aerosol precursors, 
and organic gases (Mihalopoulos, 2023b). Finally, a concluding chapter summa-
rizes the main conclusions of the volume and draws recommendations for future 
research (Sauvage et al., 2023).

This second volume (Dulac, Sauvage, & Hamonou, 2023) complements the first 
one by reviewing the main emissions, processes, and impacts relevant to atmo-
spheric chemistry in the Mediterranean region. Its content is introduced in the 
following.

2  Content of Volume 2: From Atmospheric Chemistry 
to the Mediterranean Inhabitability

Volume 2 is entirely focused on the life cycle of pollutants, how they are emitted, 
processed, and deposited and how they ultimately impact on some key aspects of 
the Mediterranean region’s inhabitability. The 23 following chapters of this second 
volume are organized into six thematic sections, which constitute the book 
Parts V to X.

Part V (Sauvage, 2022) explores regional natural and anthropogenic emissions of 
atmospheric pollutants, a critical term in the understanding and modeling of atmo-
spheric pollution. The first chapter (Sellegri & Mallet, 2022) is dedicated to the 
emission processes of sea spray aerosol particles, which constitute one of the most 
important natural components of the Mediterranean atmosphere. The chapter 
devotes to the physical and biological drivers of the sea sprays and to the chemical 
composition of the resulting particles. The second chapter (Gros et  al., 2022) is 
mainly dedicated to the emissions of the Mediterranean vegetation, which is an 
important source of biogenic Volatile Organic Compounds (VOCs). It presents the 
emission processes, speciation, and fluxes for different Mediterranean plant species 
from the branch to the larger scales. The end of the chapter is dedicated to bio- 
aerosols. The third chapter (Laurent & Bergametti, 2022) addresses the physics of 
soil dust emission and focuses on the identification of Mediterranean dust sources 
by a combination of satellite observations and models. It also discusses how human 
activities in the northern fringe of the Saharan desert could affect dust emissions in 
the future. The fourth chapter (Borbon et al., 2022) is an account of the progress in 
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the study of anthropogenic emissions. Intensities, variabilities, and trends are dis-
cussed on a regional perspective. A focus is made on some of the largest urban 
centers, for which recent observations have enabled an evaluation of the emission 
inventories of anthropogenic VOCs. Based in particular on measurements onboard 
an ultralight aircraft, the fifth and last chapter in this section (Junkermann, 2022) 
discusses ultrafine particles, their sources in the Mediterranean basin, their potential 
properties as cloud condensation nuclei (CCN), and their strong concentration 
increase compared to historical data.

Part VI in Vol. 2 (Beekmann, 2022, this volume) details the chemical processes 
that strongly modify the tropospheric composition in gases and aerosols over the 
Mediterranean basin and that also affect exchanges between both phases. The first 
chapter in Part VI (Gros & Zannoni, 2022) presents total OH reactivity measure-
ments performed in the Mediterranean and discusses their use to infer the measure-
ment efficiency to capture the diversity of atmospheric reactive species, especially 
volatile organic compounds (VOCs). The second chapter (Gheusi, 2022) presents 
quasi-Lagrangian monitoring of ozone growth rate performed in the Mediterranean 
thanks to boundary-layer pressurized balloons (BLPBs). Results are compared with 
previous similar measurements made in southeastern France. This chapter ends by 
a discussion on ozone net photochemical formation rates. The third chapter (Sellegri 
& Rose, 2022) gives an overview of new particle formation (NPF) in the 
Mediterranean basin and points to possible precursors. It discusses impacts of NPF 
on cloud condensation nuclei (CCN) and cloud droplet number (CDN). The fourth 
chapter (Sartelet, 2022) compares different formation schemes of secondary organic 
aerosol (SOA) to measurements performed in the Mediterranean and tests their abil-
ity to account for measured characteristics and variabilities. The chapter highlights 
the importance of the scheme used for studying SOA trends in a warmer climate. 
Finally, the fifth and last chapter of this section (Michoud, 2022) discusses the often 
large discrepancies between predicted and measured partition coefficients between 
the particle and the gas phase of semi-volatile organic compounds during ChArMEx- 
related campaigns.

Part VII (Formenti, 2022) presents the latest observations of Mediterranean aero-
sol properties that are important to the regional climate and air quality. The first 
chapter (Di Biagio, 2022) reviews current knowledge on the size distribution of 
atmospheric aerosols observed in the Mediterranean basin. This includes remote 
sensing observations, as well as ground-based and airborne in situ measurements. 
The second chapter (Becagli, 2022) deals with the Mediterranean aerosol chemical 
composition and the potential reactivity of the components at the gas-particle inter-
face. It is demonstrated how such processes impact the chemical and physical prop-
erties of aerosol particles. The third chapter (Mallet et al., 2022a) reports observations 
of optical properties for different aerosol types observed in the Mediterranean 
region. The chapter focuses on parameters that are important to radiative forcing 
calculations, including the aerosol optical depth and its wavelength dependence, the 
single scattering albedo, and the asymmetry parameter. It also addresses the aerosol 
backscatter to extinction ratio, a key parameter in the inversion of lidar 
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measurements for deriving the vertical profile of the aerosol extinction. The fourth 
and last chapter in this section (Denjean, 2022) reviews existing results on the aero-
sol hygroscopic properties at sub-saturated and supersaturated conditions (relative 
humidity below and above 100%, respectively). It also discusses the ice nucleation 
properties of aerosols from measurements at multiple sites in the Mediterranean.

Part VIII (Desboeufs, 2022a) examines composition, seasonality, and spatial het-
erogeneity of atmospheric deposition to the Mediterranean Sea. It focuses on the 
atmospheric deposition of mineral dust and species like major nutrients (nitrogen 
and phosphorus), trace metals, and organic contaminants, which play an important 
role in marine biogeochemical cycles. The first chapter in this section (Laurent 
et al., 2022) briefly recalls dry and wet deposition processes and their parameteriza-
tions and discusses the variability of aerosol mass deposition over the Mediterranean 
basin thanks to a dataset spanning over more than half a century. The second chapter 
(Desboeufs, 2022b) compares recently published results on fluxes and sources of 
nitrogen and phosphorus to historical data in the Mediterranean basin. It discusses 
present and future trends and also addresses the relative importance of organic/
inorganic and dissolved/particulate forms of nutrients. The third and last chapter 
(Desboeufs, 2022c) presents the latest insights on the atmospheric deposition and 
fluxes of trace metals and organic contaminants such as organochlorine compounds 
or Polycyclic Aromatic Hydrocarbons (PAHs).

Parts IX (Kanakidou, 2022a) and X (Kanakidou, 2022b) of the book report on 
the progress made in our understanding of important impacts of the atmospheric 
composition in the Mediterranean region. Part IX focuses on interactions with pre-
cipitation chemistry and climate. The first chapter in this section (Mallet al., 2022b) 
is dedicated to current knowledge on aerosol and tropospheric ozone direct radiative 
impacts in the region, including radiation extinction relevant to renewable energy 
production. The second chapter (Nabat et al., 2022) summarizes knowledge on the 
indirect climatic effects of aerosols. It details their impact on the number and prop-
erties of cloud condensation nuclei and ice nuclei and, in turn, their impact on cloud 
properties over the Mediterranean basin. The third chapter (Kanakidou, et  al., 
2022a) discusses the involvement of aerosols in precipitation chemistry and impact 
on atmospheric composition through multiphase reactions.

Part X (Kanakidou, 2022b) is a highlight on the current knowledge on the impacts 
of air pollution on the Mediterranean inhabitability for humans and ecosystems. The 
first chapter in this section (Kalivitis et al., 2022) summarizes our knowledge on the 
exposure of the Mediterranean population to atmospheric pollutants, with special 
attention to both short- and long-term effects of air quality on health. It also explores 
mitigation and adaptation strategies. The second chapter (Guieu & Ridame, 2022) 
sums up our understanding of the impact of atmospheric deposition on the chemis-
try and biogeochemistry of the Mediterranean Sea. Results include process studies, 
observations at sea, and state-of-the-art numerical simulations. The third and last 
chapter (Kanakidou et al., 2022b) reports on the current knowledge on the impacts 
of air pollution on the terrestrial vegetation, which can take place through a number 
of direct and indirect pathways.
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Finally, the last chapter (Dulac et al., 2022) summarizes conclusions from the 23 
different chapters of Vol. 2, highlighting recent progress in tropospheric chemistry 
and its impacts in the Mediterranean region. It also issues some recommendations 
for future research to address major remaining gaps in our knowledge.

3  Conclusion

Intense climate change and increasing anthropogenic pressure already seen in the 
Mediterranean region might impair its future inhabitability, which calls for a better 
understanding of the present chemical environment and its expected future evolu-
tion. The Mediterranean atmospheric chemical system and its impacts needs a wide 
interdisciplinary field of expertise and long and combined efforts from the scientific 
community. As an unprecedented initiative, the decadal ChArMEx research pro-
gram and partner initiatives provided new relevant knowledge, thanks in particular 
to an intensive field observation program throughout the basin that has been sum-
marized in the introduction of Vol. 1 and its appendix (Dulac, Sauvage, & Hamonou, 
2023). Observations from monitoring networks, supersites, and many regional and 
local campaigns, together with some laboratory studies and integrative approaches, 
allowed a better understanding of processes driving atmospheric composition evo-
lution and its impacts on health, climate, and ecosystems. This effort has resulted in 
a ChArMEx special issue jointly published by the two journals Atmospheric 
Measurement and Techniques and Atmospheric Physics and Chemistry providing 
online access to more than one hundred articles with detailed results (https://acp.
copernicus.org/articles/special_issue334.html, last access 21 July 2022). In the 
present book, as many as one hundred authors joined their scientific expertise to 
provide an updated review of the abundant available literature on atmospheric 
chemistry and its impact in the Mediterranean region, compiling results from the 
ChArMEx special issue and other ChArMEx-related publications and from many 
other available studies, and some yet unpublished data. The resulting edited book in 
two volumes includes ten different sections and more than 40 reviewed chapters 
including conclusion chapters with recommendations for future research. The first 
four parts of Volume 1 address general background information of interest, relation-
ships between the regional dynamics and atmospheric pollution, and the distribution 
and variability at different local and spatial scales of aerosols and reactive gases. 
The present Volume 2 includes six more thematic parts focused on the pollutant 
lifecycles, including emissions, chemical processes, aerosol properties, atmospheric 
deposition, and on important impacts of the atmospheric composition in the 
Mediterranean region, from climate-related aspects to marine and terrestrial ecosys-
tems and human health, that is, key aspects of the regional inhabitability.

Acknowledgments ChArMEx has many partners to thank for its achievements, and relevant 
acknowledgments can be found in the book preface.
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spray particles emitted into the atmosphere. Under environmental conditions spe-
cific to the Mediterranean Sea, the relationship between seawater biology and sea 
spray properties has specificities that will be presented in the present chapter.

1  Introduction

Marine aerosol particles constitute one of the most important natural components of 
the atmosphere that significantly contribute to the Earth’s radiative budget, but they 
also have local effects on regional air quality (O’Dowd & De Leeuw, 2007). Marine 
aerosols influence cooling or warming at the top of the atmosphere (Randles et al., 
2004, Claeys et al., 2017; Mallet et al., 2022). These aerosols may also have indirect 
effects by becoming cloud droplets or ice crystals (Novakov & Corrigan, 1996; 
Novakov & Penner, 1993). Despite their importance, our ability to correctly describe 
and simulate marine aerosols is still limited by the poor understanding of the link 
between the properties of the seawater below and the formation of aerosol particles 
at the air-sea interface and their subsequent evolution in the atmosphere. Mesoscale 
models are unable to reproduce the number concentrations of aerosol particles in 
the marine boundary layer and their impact on cloud properties (Merikanto et al., 
2009), and a large uncertainty in the projection of future climate can be attributed to 
a lack of knowledge on marine aerosols (Carslaw et al., 2013). In the Mediterranean 
area, the marine aerosol emission pathways may be different from those in other 
parts of the world, firstly due to the specific temperature range and oligotrophic 
properties of the seawater. Furthermore, high radiation and ozone levels in the atmo-
sphere lead to an intense photochemical activity over a large period of the year. 
Marine aerosol particles may be produced via two different pathways. Primary 
marine aerosol production results from wind stress at the sea surface which gives 
rise to the mechanical production of sea spray aerosol (SSAer), traditionally 
assumed to be mainly composed of inorganic sea salt, an organic fraction, and 
water. Secondary marine aerosol production may occur via nucleation or the con-
densation of gas-phase species onto pre-existing particles. Primary marine aerosol 
sources (sea spray) are addressed in the present chapter, while nucleation processes 
from marine precursors are addressed in Sellegri & Rose (2022), as well as marine 
sources as precursors to SOA in Sartelet (2022).

2  Parameters Influencing the Sea Spray Emission Fluxes

At horizontal wind speeds greater than 4 m s−1, breaking waves generate bubbles 
that rise in the water column and burst when protruding the surface. The disrupting 
film cap produces film drops; the rising jet produces jet drops. At wind speeds 
exceeding about 9  m s−1, sea spray droplets, referred to as spume droplets, are 
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directly blown off the wave tops. Sea spray aerosols make up a large portion of the 
natural aerosol emissions, with an estimated global contribution between 2000 and 
10,000 Tg per year (Gantt & Meskhidze, 2013). Mulcahy et al. (2008) report a rela-
tionship between aerosol optical depth (AOD) in clean oceanic air and squared sur-
face wind speed with AODs value of 0.3–0.4 under high wind speed conditions of 
15–18 m s−1. Sea spray particle emissions are mainly dependent on wind speed, but 
also on the sea surface temperature, the sea state (wave height, shape, etc.), and 
salinity (Grythe et al., 2014). Sea spray number fluxes may depend also on other 
seawater parameters such as organic matter of biological origin with surfactant 
properties (Fuentes et al., 2010). Laboratory measurements indicate that the number 
concentrations of sea spray aerosols produced by bubble bursting mainly peak at 
sizes of 100 nm and 40 nm for Atlantic Ocean waters (Mårtensson et  al., 2003; 
Fuentes et al., 2010), which does not differ significantly in Mediterranean waters. 
Indeed, laboratory characterization of sea spray from Mediterranean waters shows 
that the SSAer size distribution can be best described by two main modes around 
40–50 nm and 100 nm, an additional nucleation mode (around 20–25 nm), and a 
second accumulation mode at 260 nm (Schwier et al., 2015, 2017). The presence of 
surface-active components may influence the bubble bursting process and hence the 
size distribution of SSAer. A shift toward smaller particles was observed when arti-
ficial surfactants (Sellegri et al., 2006) or biogenic exudates (Fuentes et al., 2010) 
were added to artificial (inorganic) seawater. Also, several authors report an increase 
of the 200–300 nm mode number concentrations when organic matter is present 
(Sellegri et al., 2006; King et al., 2012). However, changes in the shape of SSAer 
size distribution due to the presence of organic matter in the seawater are not rele-
vant for climate-relevant impact (see Section 4 hereafter).

However, changes in the relative contribution of the different modes to 
Mediterranean SSAer due to the presence of organic matter are relatively low. 
Figure 1 shows the mode decomposition of sea spray generated from Mediterranean 
surface waters from four different experiments. Modes are always found at about 
40 nm and 100 nm with similar contributions that dominate the size distributions 
and at 250 nm with a minor contribution. The most variable mode presence is the 
nucleation mode at 20 nm. This mode is likely more dependent on the presence of 
surfactants, although there is still a lot of uncertainty in the factors influencing it and 
some further research is necessary.

Several parameterizations of the sea spray fluxes published in the literature and 
used in modelling exercises include a sea surface temperature (SST) dependence 
(Forestieri et al., 2018; Grythe et al., 2014; Jaeglé et al., 2011; Mårtensson et al., 
2003; Ovadnevaite et al., 2014; Salter et al., 2014; Zábori et al., 2012; Albert et al., 
2016). Some of these studies agree on a sharp SST dependence of the SSAer num-
ber fluxes, with concentrations increasing when temperature decreases below 10 °C 
(Salter et  al., 2014; Zábori et  al., 2012). In the SST range representative of the 
Mediterranean seawater, parameterizations derived from synthetic inorganic seawa-
ter experiments show little dependence of the SSAer number concentrations on tem-
perature (Mårtensson et al., 2003; Salter et al., 2014). From laboratory experiments 
of SSAer generation from natural Mediterranean seawaters, Schwier et al. (2017) 
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Fig. 1 Lognormal decomposition of the normalized size distributions (fractions of the total num-
ber concentration) obtained from sea spray generation experiments during four experiments 
(MedSea Corsica, MedSea Villefranche-sur-Mer, SAM Corsica, and PEACETIME over a ship 
cruise across the western Mediterranean Sea) performed with the support of ChArMEx. Thickness 
of lines is increasing with mode size (from nucleation to accumulation mode)

show that there is a factor of 2 increase in the total number concentration of SSAer 
when temperature changes from 22 to 30  °C.  The same tendency was found in 
Jaeglé et al. (2011) for SST higher than 20 °C at the global scale, from the compari-
son of modelled versus observed SSAer concentrations constrained with Tropical 
Pacific, Tropical Atlantic, and Indian Ocean data.

Given the large variability of SST dependence of sea spray fluxes in the litera-
ture, it is likely that other factors influence this SST dependence in natural seawa-
ters. Several laboratory sea spray generation experiments showed differences 
between number fluxes generated from synthetic inorganic seawaters and those gen-
erated from natural seawaters (Tyree et al., 2007; Fuentes et al., 2010; Alpert et al., 
2015; Forestieri et  al., 2018) or differences between fluxes measured in non- 
biologically versus biologically rich seawaters (Keene et al., 2017). In general, sea-
water enriched in biologically derived organics show higher number fluxes. In 
oligotrophic seawaters such as those found in the Mediterranean Sea, sea spray 
fluxes were measured as a function of the seawater biogeochemical properties dur-
ing the PEACETIME ship campaign (a joint MERMEX-ChArMEx initiative; Guieu 
et al., 2020). Results show that a clear relationship was found between the number 
fluxes of sea spray and the abundance of nanophytoplankton cells (Sellegri et al., 
2021). This relationship was also found in a data set from the South-West Pacific 
and reinforced when these two data sets are merged, indicating that Mediterranean 
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seawater contains biologically originating organic material with the same properties 
as found in the global ocean (Sellegri et  al., 2021). The mechanism behind the 
impact of seawater microorganisms on sea spray number emission fluxes is thought 
to be the production of organic compounds by these microorganisms, which affects 
the bubble’s film stability and hence their thickness.

3  Chemical Composition of Sea Spray

Sea spray contains both inorganic sea salts and organic material. Primary emissions 
can acquire organic material either as bubbles traverse through the water column or 
at the ocean surface from the organic rich microlayer (Bigg & Leck, 2008; Blanchard, 
1964; Lion & Leckie, 1981) which can exhibit different physical, chemical, and 
biological properties to oceanic subsurface water (Cunliffe et  al., 2013; Walker 
et al., 2016). Concentrations of marine organic aerosol particles were found to be 
highly dependent on the biological productivity at the ocean surface, following a 
seasonal bloom cycle (O’Dowd et al., 2004; Sciare et al., 2009). Organic matter 
found in sea spray was mainly found as insoluble colloids during a bloom period of 
the North Atlantic Ocean (Facchini et al., 2008). Current mesoscale and some global 
atmospheric models use Chl-a in seawater as a proxy to calculate sea spray organic 
fractions (OMSS) (Langmann et al., 2008; Vignati et al., 2010). They are based on 
the results from different studies that have linked the total submicron organic mass 
fraction of sea spray aerosol to chlorophyll-a (Chl-a) levels observed by satellite 
(Vignati et al., 2010; Albert et al., 2012; Rinaldi et al., 2013). These studies use the 
organic fraction of marine aerosols sampled at a receptor site, and hence organic 
found in the samples can be of primary origin, but they can also be the result of 
condensation of organic gas-phase species during transport. In order to isolate the 
sea spray fraction of organic concentration from the total organic content of ambient 
marine aerosols, aerosols may be generated artificially from seawater. Using this 
approach, Prather et al. (2013) showed a link between the marine particles’ organic 
content and heterotrophic bacteria abundance instead of Chl-a. Also using a sea 
spray generation system with Mediterranean seawaters sample, Schwier et  al. 
(2015) showed a correlation between the organic fraction of small sea spray parti-
cles and Chl-a and heterotrophic and autotrophic bacteria abundance in seawater. 
The linear relationship found between the organic fraction of sea spray and seawater 
Chl-a was however not found during a mesocosm experiment using Mediterranean 
seawater in which the biological activity was sustained with the addition of nutri-
ents (Schwier et al., 2017). The hypothesis is that the nature of the organic matter 
produced by microorganisms determines the amount of organic matter that is 
enriched in the sea surface microlayer, and therefore the ratio of organic matter to 
total sea spray mass transferred to the atmosphere as bubble film drops. When merg-
ing data from three different mesocosm experiments performed with Mediterranean 
seawaters, and excluding the mesocosms that had been enriched with nutriments, 
one can derive a parameterization that can be applied for the oligotrophic waters of 
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the Mediterranean Sea (Fig.  2). Different aerosol size ranges (Aitken mode and 
PM1) need to be considered separately, as a strong increase in the fraction of organ-
ics was found with decreasing particle size, as already reported by Facchini et al. 
(2008) for North Atlantic waters. The resulting parameterizations are the following:

 
OMSS Ln ChlAitken � � �� �0 63 0 12. . a

 
(1)

 
OMSS Ln ChlPM1 0 33 0 04� � �� �. . a

 
(2)

For the inorganic fraction, Schwier et al. (2015) also showed that the composi-
tion of Mediterranean SSAer was very similar to the composition of the seawater as 
reported by Seinfeld and Pandis (2016), although a deficit in chloride compared to 
the seawater chloride-to-sodium ratio was observed. Since this deficit is observed 
before SSAer is transported in the atmosphere, one can hypothesize that chemical 
reactions modifying the Na/Cl ratio already occur within the Mediterranean seawa-
ter or at the sea surface. Close to the coasts such as the Mediterranean ones, river 
inputs and the pollution from urbanized coastal sites with large population densities 
can cause an excess of phosphate and nitrate compounds (Jamet et al., 2001) that 
may result in specific reactions.

Fig. 2 Organic fraction of sea spray aerosols as a function of Chl-a concentration in the seawater 
measured from three different mesocosm campaigns (MedSea Stareso (Corsica, bay of Calvi), 
MedSea VFM (France, bay of Villefranche), and SAM (Corsica, bay of Calvi)) and for different 
size ranges of the sea spray (Aitken mode, accumulation mode, and total submicron aerosol PM1). 
Fit of the organic fraction of each size range (Aitken and PM1) with a logarithmic law
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4  Sea Spray Emissions and Derived Cloud Condensation 
and Ice Nuclei

Sea spray can act as cloud condensation nuclei (CCN), and thus influences cloud 
properties, with an efficiency that is dependent on its size and hygroscopicity. CCN 
properties of sea spray generated from Mediterranean seawater were measured dur-
ing the SAM experiment in May 2013, showing that the sea spray originating CCN 
fluxes varied like the total number of sea spray fluxes, with no impact of the organic 
content of sea spray on its CCN ability (around 60% of sea spray number concentra-
tion act as CCN at the 0.3% supersaturation) (Schwier et al., 2017). This conclusion 
was also observed from seawaters of other origins (King et al., 2012; Moore et al., 
2011) and confirmed for Mediterranean seawater during the PEACETIME cruise 
(Sellegri et al., 2021). The lack of effect of the organic content on CCN properties 
of sea spray can be explained by the lack of impact of the marine organics on the 
shape of the sea spray size distribution (and hence its size) (see Fig. 1) and by the 
little variability of the organic content itself (and hence its hygroscopicity) in oligo-
trophic waters for a given season (see Fig. 2). The large impact of organic matter on 
the total sea spray number fluxes that was evidenced from diverse seawater types, 
including Mediterranean seawater (Sellegri et  al., 2021), would however signifi-
cantly influence the total number of sea spray derived CCN flux to the atmosphere 
as a function of the seawater biogeochemical properties.

Sea spray ice nuclei (IN) properties are thought to be lower than those of dust 
particles at low freezing temperatures, but may be significant at warmer tempera-
tures and of major importance in areas where particles of terrestrial origin are absent 
(DeMott et al., 2016). IN properties of sea spray are poorly understood, although 
there is evidence that biological factors influence these properties with increased IN 
efficiencies for higher biological productivities (Bigg, 1973; Schnell & Vali, 1976; 
DeMott et al., 2016). It appears that sea spray IN properties depend differently on 
biological factors when considering either cold IN (for temperatures below −18 °C) 
or warm IN (for temperatures above −18 °C) (McCluskey et al., 2018). While cold 
ice nucleating sea spray particles are linked to a heat-labile microbial type in the 
seawater, the warm ice nucleating sea spray particles are rather linked to surface- 
active DOC enriched in the sea surface microlayer (McCluskey et al., 2018). This 
finding of two classes of IN sea spray was recently confirmed from Mediterranean 
seawaters and further conceptualized into a biology-dependent marine IN parame-
terization (Trueblood et al., 2021).

5  Conclusion and Recommendations

The relationship between sea spray and the seawater biogeochemical properties is 
complex, due to the presence of processes of physical, chemical, photochemical, 
and biological nature interacting with each other. Nowadays, parameterizations of 

Sea Spray Emissions



20

sea spray aerosol fluxes include an organic component that is at best a function of 
Chl-a in the seawater, although a recent modelling study has integrated the different 
nature of organic classes in the seawater (originating from proteins, lipids, polysac-
charides, or humic-like substances) and their surfactant properties for prescribing 
their transfer to the atmosphere (Burrows et al., 2014). The Mediterranean Sea is 
oligotrophic, and hence sea spray aerosol particles emitted from Mediterranean 
waters contain a low level of biologically originating carbon except during phyto-
planktonic bloom conditions. Besides, sea surface temperatures are relatively high 
throughout the year, implying that organic matter will not have a large impact on sea 
spray number emissions via their impact on the temperature dependence of surfac-
tants. However, the Mediterranean Sea experiences a large amount of radiation 
which effect on emissions is largely unknown and should be the focus of future 
research on sea spray aerosol emissions in this area of the world.
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Abstract The vegetation is a source of various compounds in the gas phase and 
particulate phase (“bioaerosols”). Global emissions of volatile organic compounds 
(VOCs) are largely dominated by biogenic sources. Due to the high vegetation bio-
diversity and favorable climatic conditions, the Mediterranean area has been identi-
fied as a huge potential source of biogenic VOCs (BVOCs), which are precursors of 
tropospheric ozone and secondary organic aerosols. Therefore, this chapter is mainly 
dedicated to BVOCs although emissions of bioaerosols are briefly reviewed. First, 
we present shortly the processes leading to BVOC emissions by terrestrial vegeta-
tion. Then we focus on BVOC speciation, emissions, and fluxes, from the branch to 
the canopy level and larger scales. A review of emissions from typical Mediterranean 
plant species follows, as well as a synthesis of the mean BVOC fluxes measured by 
micrometeorological techniques in the Mediterranean area. Factors controlling 
BVOCs and their evolution in the Mediterranean context are then examined from a 
modelling perspective. Finally, we present a brief overview of measurements and 
studies of bioaerosols (pollens, fungal spores, etc.) in the Mediterranean basin.

1  Introduction

The vegetation is a source of various compounds in the gas phase and the particulate 
phase (“bioaerosols”). Globally, VOC emissions are largely dominated by biogenic 
sources (Guenther et al., 1995). Given the high biodiversity and favorable climatic 
conditions (sunny and warm), the Mediterranean area has been identified as a huge 
potential source of biogenic VOCs (BVOCs). VOCs are known to be precursors of 
both tropospheric ozone and secondary organic aerosols (SOA). In the Mediterranean 
basin, BVOCs could be responsible of an additional 5–15 ppb of tropospheric ozone 
in summertime (Curci et al., 2009) and could also contribute significantly to the 
SOA formation (Sartelet et al., 2012; Cholakian et al., 2018). For this reason, the 
following sub-chapter is mainly dedicated to BVOCs. It is completed with a sub- 
chapter focusing on bioaerosol emissions.

2  Biogenic Volatile Organic Compounds

The countries located at the border of the Mediterranean Sea have BVOC emission 
rates (by surface unit) two to three times higher than the other European countries. 
Steinbrecher et al. (2009) have estimated that the European countries with the high-
est BVOC emissions are Portugal, Cyprus, Spain, and Greece, all located in the 
Mediterranean basin and all covered with vegetation associated with high BVOC 
emission potentials (oak, eucalyptus, aromatic plants, etc.). Despite these high 
emissions, their mixing ratios in the atmosphere stay usually below the ppb levels 
due to the high reactivity of some of them such as isoprene and terpenes (Cerqueira 
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et al., 2003; Liakakou et al., 2009; Davison et al., 2009; Seco et al., 2011). Some 
higher values (up to 20 ppb for isoprene) can be detected in environments where the 
surrounding vegetation is associated with very large emission rates (Harrison et al., 
2001; Kalogridis et al., 2014). Keenan et al. (2009) give an overview of isoprenoid 
emissions from European forest types. Some studies on VOC source apportionment 
have been performed based on observation periods at rural sites in the Mediterranean 
area allowing to estimate the contribution of BVOCs to total VOCs. At a remote site 
in northern Corsica (Ersa) in summer, more than 20% of VOCs were attributed to 
biogenic sources (primary or secondary) based on a Positive Matrix Factorization 
(PMF) approach (Michoud et al., 2017). In Cyprus, based on a measurement cam-
paign in spring and corresponding PMF simulations, a contribution of 40% of bio-
genic sources was found for VOCs (Debevec et al., 2017). Nevertheless, one should 
keep in mind that these calculated contributions depend on the atmospheric VOC 
concentrations that had been measured and implemented in the PMF model and do 
not consider the potential photochemical decay from the site of emission to the site 
of measurement. These quite high contributions of BVOCs to total VOCs found in 
the two aforementioned studies are partly due to the important weight of oxygen-
ated compounds like methanol and acetone. At Ersa in Corsica, a PMF exercise was 
applied to a 2-year dataset of 14 VOCs measured twice a week (Debevec et  al., 
2021). The average BVOC contribution was only 4% on an annual basis, highlight-
ing the strong seasonal variability of biogenic emissions.

In the following, we focus on BVOC emission sources in terrestrial ecosystems 
and the determination of BVOC speciation, emissions, and fluxes at different scales 
and finally will examine the main factors controlling BVOC and their evolution in 
the Mediterranean region.

2.1  BVOC Emission Sources in Terrestrial Ecosystems

Field studies in terrestrial ecosystems have historically focused on BVOCs from 
living above-ground foliar biomass. All plant organs (leaves, flowers, fruits, trunk, 
roots) release BVOCs although foliage is considered as the main source of VOCs 
(Guenther, 2013). Mature fully developed foliage mainly releases isoprenoids, 
especially hemiterpene isoprene and monoterpenes, whereas the VOC release from 
young developing foliage is frequently dominated by methanol (Bracho-Nunez 
et al., 2011). Major Mediterranean plant emitters can be inferred from European 
BVOC inventories (Karl et al., 2009; Keenan et al., 2009; Oderbolz et al., 2013). 
Thus, considering plant emission rates and projected leaf dry mass per unit area 
(g m−2) reported in these inventories, Quercus pubescens (sub-Mediterranean oak 
species) appears as the major isoprene emitter in the French Mediterranean region, 
while Q. ilex and other closely related evergreen oak species are the major monoter-
pene emitters (Kesselmeier & Staudt, 1999; Bracho-Nunez et  al., 2013; Keenan 
et al., 2009; Genard-Zielinski et al., 2018).

Emissions from the Mediterranean Vegetation
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Once BVOCs are synthesized in leaves, they are released through several ways 
including the cuticle, stomata, and damaged leaf surfaces. The highest emission 
rates are well known to occur in late spring and summer, since climatic conditions 
(high temperatures, high photon flux densities) and/or plant physiological activity 
(BVOC metabolism, photosynthesis) favors BVOC synthesis and release (Llusià & 
Peñuelas, 2000; Staudt et  al., 2003; Genard-Zielinski et  al., 2018). With a few 
exceptions, foliar BVOC fluxes from typical Mediterranean evergreen shrubs and 
trees (e.g., Q. coccifera, Q. ilex, Rosmarinus officinalis, Arbutus unedo, Erica arbo-
rea, Cistus spp.) do not cease during the winter season (Llusià & Peñuelas, 2000; 
Staudt et  al., 2000, 2002; Olivier et  al., 2011a, 2011b). This unique feature of 
Mediterranean biomes has potentially important implications for BVOC inventories.

The exchanges of BVOCs between the ground (bare soil and decomposing plant 
material) and the atmosphere are very small, especially in Mediterranean ecosys-
tems, as recently reviewed (Peñuelas et al., 2014). The forest floor has been sug-
gested to contribute between 10 and 100 times less than above-ground vegetation to 
the total BVOC emissions. It is a source of both C1–C3 oxygenated compounds 
(methanol, acetic acid, and acetone) and isoprenoids (Peñuelas et al., 2014). A study 
involving 40 root-free soil and litter samples revealed that decomposing plant mate-
rial (litter), rather than bare soil, mostly contributes to VOC emissions in terms of 
both, diversity and quantity (Leff & Fierer, 2008). The floor from a natural 
Mediterranean holm oak forest mostly released methanol with negligible terpene 
emissions (Asensio et  al., 2007). Bare soil as well as soil from an evergreen 
Mediterranean shrub ecosystem acted as a sink rather than a source of VOCs 
(Asensio et  al., 2008). Litter VOC emission rates (from Mediterranean and non- 
Mediterranean species) vary according to both, biotic factors (e.g., type of litter, 
decomposing rate, and associated microbiota) and abiotic factors (mainly tempera-
ture and humidity; Asensio et  al., 2007; Gray et  al., 2010), although it remains 
unclear which is the main driver of VOC emissions (Peñuelas et al., 2014). Since 
many BVOC-storing Mediterranean species produce a rather important amount of 
litter (e.g., 500 g m−2 year−1 for P. halepensis), which decomposes slowly (Asensio 
et al., 2008), it is plausible that litter significantly contributes to total BVOCs in 
Mediterranean forests and shrubs as recently evidenced in a maritime pine forest in 
Southwest France (Staudt et al., 2019). Some efforts have been done to incorporate 
BVOC emissions from soil and litter into VOC models at global scale (Jacob, 2005). 
This step is however constrained by the scarcity and highly variable emission data, 
and this variability may be explained by the contribution of soil microorganisms.

2.2  Determination of BVOCs: Speciation and Emissions/
Fluxes at Different Scales

 Branch Scale

Field-based research studies on BVOC emissions from living above-ground vegeta-
tion have mostly been performed at the branch scale using dynamic enclosure sys-
tems. These systems allow the optimal quantification of low volatility and highly 
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reactive BVOCs including very light BVOCs (C1–C3), C6 compounds, and isopren-
oids. A full description of this method and the associated potential instrumentation 
to measure BVOCs are described by Ortega et al., 2008. The enclosure is typically 
made of Teflon materials such as PFA and PTFE consisting of a rigid skeleton and 
transparent Teflon sheet. A lower-cost Nalophan-made sheet can also alternatively 
be used (Olivier et al., 2011a, b; Yáñez-Serrano et al., 2018) although the former 
materials limit to a greater extent the memory effect due to BVOC stickiness. 
Transparency of these sheets is also a prerequisite so that ~99% of the photosyn-
thetically active radiation goes through the sheet and reaches the enclosed foliage, 
which uses light for photosynthesis. A continuous air stream is maintained through 
the enclosure, while a smaller fraction of the flow is used for offline or online analy-
sis of BVOCs or other gases such as CO2. The air flow through the enclosure should 
be high enough to ensure air renewal within a few minutes or less in order to avoid 
BVOC reactions with ambient oxidants (O3, OH, NO3), CO2 depletion, and exces-
sive humidity and temperature inside the enclosure. In addition, ozone scrubbers 
before the chamber might be required before collecting BVOCs, in order to prevent 
the reaction of BVOCs with ozone. Even though air is rapidly renewed in the enclo-
sures (<5  min), some terpenes (e.g., a-terpinene) still readily (1  min) react with 
ozone (Atkinson & Arey, 2003). This technical point is of special importance in 
Mediterranean semi-natural ecosystems where ozone pollution peaks are often 
reached (~100 ppb). Dynamic enclosure systems also allow the online measurement 
of CO2 and H2O exchanges (net photosynthesis, transpiration, and derived parame-
ters such as stomatal conductance), by diverting part of the air flow to adequate 
analyzers (most often infrared gas analyzers) (Fig. 1).

Many other systems can be used as extensively described by Tholl et al. (2006). 
Among them, two other methods are mainly used in BVOC research: (i) leaf-scale 
measurements using commercial photosynthesis measurement systems equipped 
with small cuvettes (2–6 cm2) (Lavoir et al., 2011; Genard-Zielinski et al., 2014), 
requiring special care during leaf clipping since Mediterranean species typically 
feature leaves with a short petiole, and (ii) static systems at leaf or branch scales 
involving no continuous air flow through the enclosed plant material. Static systems 
are particularly useful to detect trace emissions but should be avoided when the aim 
is to obtain accurate emission rates under close to ambient conditions. Static sys-
tems or systems with low air exchange rates generate non-steady-state environmen-
tal conditions inside the enclosures including raising temperature and air humidity, 
CO2 depletion, and unrealistic BVOC concentrations that all can directly affect the 
net exchange rates of BVOCs and/or cause artifacts during sampling and subse-
quent analysis of BVOCs (see, e.g., Niinemets et al., 2011 for a review on this topic).

Special caution should be taken when using any of these systems to characterize 
emissions of Mediterranean aromatic species since these species feature specific 
BVOC reservoirs which store vast amounts of volatiles (mainly terpenes) in the 
order of several mg per g of dry matter (1–20, Ormeño et al., 2011; Valor et al., 
2017). For example, Lamiaceae spp. (e.g., Lavandula spp., rosemary) and Cistaceae 
spp. (Cistus spp.) present an external secretory glandular trichome on the leaf and 
stem surface (Ormeño et  al., 2007). Species from the Pinaceae family feature 
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Fig. 1 Dynamic branch enclosure (60 L) system used in the field to study BVOC emissions from 
Q. pubescens in southern France at O3HP deployed during the CANOPEE campaigns (Genard- 
Zielinski et al., 2015)

secretory cavities and canals located within needle and stem tissues, respectively, 
which also contain large amounts of volatile terpene compounds. Enclosure of 
branches from these species may easily result in mechanical stress causing huge 
emission bursts from these BVOC reservoirs (see, e.g., Niinemets et al., 2011). This 
may lead to a large overestimation of BVOC emission rates especially if emissions 
are measured just after enclosure. Therefore, emissions should be collected several 
hours after branch enclosure, although VOCs can also be collected within the first 
hour if entire individuals are enclosed (typically possible when using potted plants).

Using either branch- or leaf-scale systems, Mediterranean species have been 
classified as high, moderate, low, and negligible emitters. As a whole, high emitters 
are plant species that present, at least for a given seasonal period, an average emis-
sion factor higher than 10 μg g−1 h−1, while moderate, low, and negligible emitters 
present emission rates from 5 to 10 μg g−1 h−1, 1 to 5 μg g−1 h−1, and < 1 μg g−1 h−1, 
respectively (Owen et al., 1997, 2001). According to such classification and consid-
ering only natural plant species, high terpene tree emitters in the Northern 
Mediterranean region are the evergreen Quercus spp., including the monoterpene 
emitters Quercus ilex (10–60 μg g−1 h−1; Street et al., 1997; Owen & Hewitt, 2000; 
Staudt et al., 2001; Nuñez et al., 2002) and Quercus suber (20–30 μg g−1 h−1) (Staudt 
et al., 2004; Pio et al., 2005). Although it is not a typical Mediterranean tree species, 
Q. pubescens (deciduous Quercus spp.) accounts for the main isoprene emitter in 
the Mediterranean region, since it is both a high isoprene emitter (20 and 
100  μg  g−1  h−1) and it is highly widespread occupying more than 2 million ha 
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(Ormeño et al., 2007; Saunier et al., 2017; Genard-Zielinski et al., 2018). Note that 
all these emission rates mostly refer to late spring, summer, and beginning autumn, 
while negligible emissions occur both during leaf senescence in autumn and bud-
break in spring when most often only negligible emissions occur (<0.1 μg g−1 h−1). 
Unlike these broad-leaf species, all typical Pinus species in the Northern 
Mediterranean area (e.g., Pinus pinea, Pinus halepensis) feature low to intermediate 
emission rates characterized by monoterpene compounds and a smaller fraction of 
sesquiterpene compounds (Nuñez et al., 2002; Ormeño et al., 2007).

Several typical Mediterranean shrub species also feature high terpenoid emission 
rates although they are not represented in BVOC inventories. The major emitters are 
isoprene emitters and include Myrtus communis (~100–140 μg g−1 h−1), Erica arbo-
rea, E. multiflora (~20 μg  g−1  h−1), Cytisus spp. (>20 μg  g−1  h−1), and Spartium 
junceum (Owen et al., 1997; Owen & Hewitt, 2000). Cistus albidus has also been 
reported as a high monoterpene emitter (~20–30 μg  g−1  h−1; Llusià & Peñuelas, 
2000) like other Cistus species.

 Canopy Scale

The determination of the chemical reactivity of the atmosphere requires the integra-
tion of exchanges at canopy scale. This allows the link with modelling involving 
ecosystem characteristics at kilometric scales or more. The heterogeneity of vegeta-
tion at small scale and the variability of emission factors within and among species 
can thus be integrated by measurements of emissions at canopy scale with microme-
teorological methods above homogeneous plant canopies (Baldocchi et al., 1988; 
Dabberdt et al., 1993). Flux determination is based on eddy measurement methods 
involving turbulence characterization and turbulent exchange coefficient determina-
tion (Lenchow, 1995). For VOCs, methodologies have been reviewed by Fowler 
et al. (2009) and Hewitt et al. (2011).

The flux measurements were initially based on the gradient method, which 
requires vertical profiles of meteorological and chemical quantities (Park et  al., 
2013, 2014) but can suffer from strong assumptions on turbulent exchange coeffi-
cients and on the possible chemical reactions of the compounds within the profile 
(Darmais et al., 2000). Applications of eddy covariance methodologies were limited 
by the low VOC concentrations measured in ambient air and slow chemical sensor 
response time and therefore required the accumulation of VOC onto adsorbent car-
tridges. The relaxed eddy accumulation (REA) has been proposed, with sampling 
depending on updraft or downdraft winds, by Businger and Oncley (1990) and was 
subsequently used to determine VOC fluxes over various Mediterranean ecosys-
tems. For example, Valentini et al. (1997) applied the REA technique over a mixed 
forest (oak and forest) at Castelporziano (Italy) characterized by non-oxygenated 
monoterpene emissions and observed a good consistency between measured VOC 
fluxes and those obtained from branch enclosure systems. Schade and Goldstein 
(2001) carried out the first long-term flux measurements of highly volatile oxygen-
ated BVOC above the canopy of a Mediterranean climate-type ponderosa pine 
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plantation and revealed that 2-methyl-3-buten-2-ol (hemiterpene, C5) and methanol 
were the dominant volatiles, while ethanol, acetaldehyde, and acetone fluxes were 
roughly fivefold lower. However, this latter study also strongly suggested that 
above-canopy measurements of methanol, acetaldehyde, and acetone came from 
soil and litter emissions as well.

The eddy covariance (EC) method is largely applied for energy flux determina-
tion (latent heat, sensible heat fluxes) over ecosystems, by calculating the covari-
ance of a scalar (e, T) with turbulent vertical wind speed and parameters sampled at 
10–20 Hz. The determination of BVOC fluxes with the EC method was first made 
over isoprene-emitting forests using a fast isoprene sensor (FIS) coupled to a sonic 
wind sensor (Guenther & Hills, 1998). The disjunct eddy covariance (DEC) method 
is based on statistical analysis of EC data, suggesting that sub-sampling of a scalar 
may introduce a maximum underestimation of 5–20% of the flux compared to EC 
(Lenschow et al., 1993; Rinne et al., 2001), as long as the sample is grabbed quickly 
(<0.2  s). For example, Baghi et  al. (2012) found a good agreement between the 
isoprene fluxes measured by EC, and DEC with a dedicated grab sampler system 
(MEDEE), with a FIS over a Quercus pubescens forest at the OHP site.

In the last decades, the development of proton transfer mass spectrometry tech-
nologies (PTR-QMS and PTR-TOF-MS with quadrupole and time-of-flight detec-
tors, respectively) allowed the online measurement of many VOCs including 
oxygenated volatile organic compounds (OVOCs). The sequential measurements of 
selected compounds by PTR-MS allow the application of virtual DEC (v-DEC), 
i.e., DEC without a physical grab sampler (Karl et al., 2002). DEC and EC methods 
are now applied to most biogenic VOC flux measurements. Recently, Jensen et al. 
(2018) compared for the first time BVOCs mixing ratios and fluxes over a decidu-
ous oak forest in northern Italy by three different instruments (PTR-QMS, PTR-
TOF-MS, and FIS) and reported a good agreement for isoprene (the only compound 
measured by the three instruments). Furthermore, the observed 24 h-mean isoprene 
flux of 5.2 ± 2.4 nmol m−2 s−1 was comparable to the fluxes found in previous stud-
ies over forests dominated by other strong isoprene-emitting oak species. Thus, 
Schallhart et al. (2016) reported an isoprene flux of 6.5 nmol m−2 s−1 from a mixed 
oak and hornbeam forest in northern Italy (located 250 km from the previous one), 
and Kalogridis et al. (2014) reported a mean flux (11 h–17 h) of 11.3 nmol m−2 s−1 
from a Quercus pubescens forest in southern France (OHP). These values are much 
higher than the isoprene fluxes of 0.300–1.183 nmol m−2 s−1 measured by Davison 
et  al. (2009) over a Mediterranean scrubland at the site of Castelporziano near 
Rome, which is mainly composed of evergreen monoterpene-emitting species 
(Fares & Loreto, 2015). Concerning monoterpene fluxes, they were indeed much 
higher at the Castelporziano site (0.489–1.753 nmol m−2 s−1; Davison et al., 2009) 
compared to the abovementioned forests (0.209  nmol  m−2  s−1; Schallhart et  al., 
2016; 0.08 ± 0.05 nmol m−2 s−1; Jensen et al., 2018). Nevertheless, monoterpenes 
can also be the most emitted compounds in some forest environments, as, for exam-
ple, in Mediterranean forests dominated by the evergreen holm oak (Buysse et al., 
2019). Citrus trees are also potential strong monoterpene and sesquiterpene emitters 
especially during flowering, as measured in the orange orchards in Spain (Ciccioli 
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et al., 1999) and California (Fares et al., 2012). The PTR-MS technique develop-
ment has allowed the measurements of other BVOC fluxes, especially oxygenated 
compounds. Mean fluxes of oxygenated BVOCs (as well as isoprene and monoter-
penes) measured by micrometeorological methods in the Mediterranean area are 
given in Table 1. Methanol has been often measured as the most emitted oxygenated 
VOCs in the different ecosystems studied, whereas acetone and acetaldehyde pre-
sented lower fluxes (see Table 1). Fluxes of methyl vinyl ketone and methacrolein 
(MVK + MAK) have been determined as well in these studies, showing values usu-
ally one or two orders of magnitude lower than isoprene, their main precursor.

The previous paragraph has focused on the dominant BVOCs, but two important 
points need to be underlined. Firstly, the technical development (especially PTR- 
TOF- MS) now allows the measurement of hundreds of masses/compounds. 
Secondly, BVOC deposition has also to be taken into account and can sometimes 
constitute their main sink (Park et al., 2013).

 Landscape Scale

Airborne flux measurements are based on micrometeorological methodologies, and 
the main difficulty is to deduce the flux at surface level from the measurements. 
Different approaches have been proposed and are reviewed by Hewitt et al. (2011): 
(i) the mixed layer budget (MLB), where the flux at the surface is deduced from 
measured concentrations in a well-mixed layer, the reactivity at the measurement 
level z, and the entrainment flux at the top of the mixed layer (Eerdekens et al., 
2009); (ii) the mean mixed layer gradient (MLG), where gradient profile is estab-
lished in the mixed layer and surface flux deduced from simulations (Karl et al., 
2007); (iii) the mixed layer variance (MLV), which relies the variability of a quan-
tity to surface and entrainment fluxes using convective-scale parameterization (Karl 
et al., 2007); and (iv) the airborne eddy covariance (AEC) methodologies. For this 
last case, the difference with the tower-based EC measurements is that AEC is based 
on spatial rather than time domain, based on Taylor’s hypothesis of a frozen 
turbulence.

As for canopy-scale measurements, the rapidity and sensibility of the analytical 
instruments are critical for airborne VOC flux measurements. First VOC airborne 
flux measurements were done with REA methodology. Applications above a Central 
African forest in Congo during the EXPRESSO campaign can be found in Delon 
et  al. (2000). PTR-MS and PTR-TOF-MS techniques allow now AEC measure-
ments. Aircraft DEC measurements (Baghi et  al., 2012), coupled with PTR-MS 
instrumentation, were done above the Landes forest with MEDEE grab sampler, 
and results are in good agreement with the isoprene and monoterpene 2000 emis-
sion inventory from Luchetta et al. (2000). Wavelets methodologies may be applied 
for the data treatment for EC flux calculations (Karl et al., 2009). Few studies were 
dedicated to VOC aircraft flux measurements, and to our knowledge, none has been 
published yet for the Mediterranean region.
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 OH Reactivity as an Approach to Determine the Completeness 
of Measured BVOCs

The increase of measurement capabilities, especially since the use of PTR-TOF-MS 
technology, has led in the last decade to a tremendous increase in the number of 
measured VOCs (see, e.g., Schallhart et  al., 2016 and references therein). 
Nevertheless, our analytical capabilities are still far away from exhaustive measure-
ments of all existing VOCs (Goldstein & Galbally, 2007). Therefore, other 
approaches, like the measurement of total OH reactivity, are necessary to address 
the issue of the completeness of measured compounds. The total OH reactivity rep-
resents the OH sink and therefore takes into account the contributions from all com-
pounds reacting with OH (Gros & Zannoni, 2022). It can be either calculated (by 
summing all individual OH reactivity, which are the compounds concentrations 
multiplied by their reaction constant rate with OH) or directly measured by different 
techniques (see the dedicated chapter in this volume (Gros & Zannoni, 2022), the 
review of OH reactivity by Yang et al. (2016), and the intercomparison of OH reac-
tivity techniques in Fuchs et al. (2017)). If both results agree (within the uncertain-
ties), it shows that all compounds playing a significant role on OH reactivity of the 
studied environment have been taken into account. If not, the difference between 
measured and calculated reactivity points out a missing reactivity, which needs to be 
investigated to understand which compounds were not measured or identified. So 
far, there are a limited number of OH reactivity measurements on Mediterranean 
vegetation, but they show their potential to evaluate the completeness of measured 
BVOCs. For example, at the French Mediterranean forest site of the Observatoire de 
Haute Provence (OHP) largely dominated by Quercus pubescens, a known large 
emitter of isoprene, Zannoni et al. (2016) have performed OH reactivity measure-
ments inside and above the canopy. During daytime and at both heights, measured 
and calculated OH reactivity agreed very well, showing that for this environment, 
measured VOCs explain well the OH reactivity. We note that isoprene was by far the 
largest contributor to the OH reactivity (up to 80% during daytime). Nevertheless, a 
missing reactivity of up to 50% was observed during the night, probably due to 
some non-measured oxidation products.

2.3  Factors Controlling Future BVOC Emissions 
in the Mediterranean Context: A Modelling Perspective

Regarding the modelling of BVOC emissions, two main approaches have been con-
sidered so far: (i) empirically based parameterizations to represent observed emis-
sion variations in relation to easily accessible environmental drivers and (ii) 
process-based mechanistic relationships built on the understanding of the biological 
regulation of isoprene synthesis from the carbon assimilated during photosynthesis 
(Ashworth et al., 2013). Both types of models are adapted for global and regional 
modelling. Their aim is to reproduce the intensity and variation of BVOC emissions 
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depending mostly on light and temperature conditions. Empirical approaches are 
commonly used for applications in the field of atmospheric chemistry, especially for 
air quality exercises for which mechanistic models remain far too complex. Grote 
et al. (2014) indicate that mechanistic models are fairly effective in accounting for 
the mild stress effects on seasonal monoterpene emission variations of Quercus ilex, 
for instance, but the large number of parameters required in these models represents 
an obstacle for their broad and routine use in air quality studies (Ashworth et al., 
2013). The development of empirical BVOC emission models, especially the most 
widely used empirical model MEGAN (Model of Emissions of Gases and Aerosols 
from Nature; Guenther et al., 2006, 2012), was partly based on measurements car-
ried out under “optimum” growing conditions and/or obtained from very few emit-
ters. They depict a fair picture of the general level and global distribution of BVOC 
emission, but remain somewhat deficient in assessing BVOC variability under a 
large range of stress conditions. The impact of drought stress on BVOC emissions, 
and especially isoprene, was implemented in MEGAN based on one laboratory 
study focused on young (2-year-old) Quercus virginiana Mill., an isoprene emitter 
and fast-growing evergreen and drought-sensitive tree (Pegoraro et al., 2004). Based 
on the difference between the soil moisture and the wilting point characteristic of 
soil (the soil moisture below which plants cannot extract water from soil), a soil 
moisture activity parameterization was developed in MEGAN for isoprene emission 
to account for drought effects. Considering drought in BVOC models is of crucial 
importance in the Mediterranean region. However, the study by Genard-Zielinski 
et al. (2018) in a natural site under Mediterranean climate demonstrated that this 
parameterization was unable to reproduce the effect of drought on isoprene emis-
sions of mature Q. pubescens trees (~70 years old), a drought-adapted and slow- 
growing species, whatever the drought intensity (natural or amplified). Interestingly, 
MEGAN captured the seasonal variation of isoprene emissions from Q. pubescens 
very efficiently (more than 80%) when the soil moisture activity factor was not 
considered in the simulation. However, this performance was reduced by 50% when 
drought was amplified. Genard-Zielinski et al. (2018) suggested that the formula-
tion of drought stress impact in MEGAN could be improved by distinguishing at 
least two distinct types of isoprene emitters: drought-sensitive species such as 
Q. virginiana and Populus deltoides and drought-resistant emitters such as Q. pube-
scens. The chemical transport model CHIMERE (Menut et  al., 2013), which 
includes the classical form of the MEGAN model to simulate biogenic emissions, is 
routinely used by air quality agencies in different Mediterranean areas such as 
southern France (e.g., Martin 2010) to assess concentrations of air pollutants (e.g., 
O3; see also Kalabokas et al., 2020) and their precursors (e.g., BVOCs). For exam-
ple, using CHIMERE, AtmoSud (the official network in charge of pollution survey 
and forecast in the southeastern French region of Provence-Alpes-Côte d’Azur) is 
able to generate regional maps of surface emissions of BVOC and atmospheric con-
centrations of ozone (Fig. 2; Saunier, 2017; Saunier et al., 2020).

The version of CHIMERE used for such modelling relies on (i) concentration of 
15 precursors (e.g., NO, NO2, ethane, n-butane, isoprene) where anthropogenic 
compounds come from the EMEP 2007 database and from the AtmoSud database, 
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Fig. 2 Top Simulated maximum isoprene emissions (μg gDW
−1 h−1) over the PACA region (south-

ern France) using the MEGAN model and climatic conditions for one particular day during the 
heat wave in 2003 (August 13). Bottom Simulated maximum tropospheric ozone levels (μg m−3) 
on the same day, showing one of the most severe O3 peaks of the year over the region (simulation 
performed with the air quality model CHIMERE (HA, Hautes-Alpes; AHP, Alpes-de-Haute- 
Provence; VAU, Vaucluse; VAR, Var; AM, Alpes-Maritimes; BR, Bouches-du-Rhône). Courtesy of 
Damien Piga, AtmoSud

whereas biogenic data (i.e., emission factors from plant species) come from the 
MEGAN database with some modifications for a few local plant species (Aleppo 
pine, kermes oak, rosemary, and Cistus spp.) studied in the region (Ormeño et al., 
2007; Rivoal et al., 2010; Olivier et al., 2011a, 2011b); (ii) the land use database 
(CORINE Land Cover 2006, https://land.copernicus.eu/paneuropean/corine- land- 
cover/clc- 2006); and (iii) meteorological data from the WRF model. Considering 
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the isoprene parameterization proposed by Genard-Zielinski et  al. (2018) for a 
drought-resistant species, which is based on results from a drought-sensitive species 
as explained above, instead of the classical MEGAN model, would probably 
improve O3 estimates in Mediterranean areas where most species are naturally 
adapted to drought.

In the future, changes in climate and land use could significantly affect BVOC 
emission levels and geographical distribution at local to global scales. Regional 
models including online BVOC emission schemes can help in depicting emissions 
in the Mediterranean region under future possible scenarios of climate and land use 
changes. Based on four ICCP Representative Concentration Pathways scenarios 
(RCP2.6, RCP4.5, RCP6.0, and RCP8.5; van Vuuren et al., 2011) for three different 
periods (2000, 2030, and 2100), Jaidan et al. (2018) estimated the changes in the 
future ozone concentration over the Mediterranean basin. A net decrease in the 
mean surface ozone in 2030 (2100) was calculated for the Mediterranean for three 
RCPs, −14% (−38%) for RCP2.6, −9% (−24%) for RCP4.5, and −10% (−29%) 
for RCP6.0, mainly due to the reduction in ozone precursors. At the European scale, 
Bauwens et al. (2018), using the MEGAN-MOHYCAN model, calculated a future 
increase in isoprene emissions ranging from 7% to 83% depending on the RCP 
scenario considered. Considering other impacts such as the CO2 fertilization effect 
on plant growth or the known CO2 inhibition effect on isoprene emissions would 
further significantly affect the estimated emissions. The future changes in BVOC 
emissions, in relation with future changes in climate and vegetation distribution 
expected to be important in the broad Mediterranean region, could also significantly 
change atmospheric chemistry processes and affect the regional air quality.

3  Bioaerosols

Primary biological aerosol particles (PBAPs), which include airborne pollen grains, 
fungal spores, and bacteria, are crucial in the Earth system through their roles on 
biosphere, atmosphere, climate, and public health (Pöschl & Shiraiwa, 2015; 
Fröhlich-Nowoisky et al., 2016). Their physicochemical properties are mainly rela-
tive to their size range, which extends from 100 nm to 100 μm (Pöschl & Shiraiwa, 
2015). For instance, they can act as nuclei for cloud droplets (giant cloud condensa-
tion nuclei, GCCN, or CCN) and as ice nucleating particles (INP), which conse-
quently affect the precipitation, the hydrological cycle, and the climate (Pope, 2010; 
Pöschl et al., 2010; Morris et al., 2011; Mason et al., 2016). Less is known about 
their survival mechanism during atmospheric transport and about their role as nutri-
ents for marine ecosystems, especially in the Mediterranean region (Kellogg & 
Griffin, 2006; Myriokefalitakis et al., 2016). The Mediterranean region is particu-
larly interesting because of the variety of ecosystems encountered over the same 
latitude range but at different longitudes (Aguilera et  al., 2015). Indeed, marked 
under-domain climatological patterns lead to a contrasted longitudinal seasonality, 
characterized, however, by a general hydrological stress (Polymenakou et al., 2008; 
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Recio et al., 2010; Mescioglu et al., 2019). The different sources of PBAPs in the 
atmosphere, mixed with combustion and terrigenous aerosols, in particular mineral 
dust, are not yet well characterized and therefore constitute a large gap in the scien-
tific understanding of the interaction between biosphere and atmosphere compart-
ments (Abu-Dieyeh et al., 2010; Raisi et al., 2010; Katra et al., 2014; Rahav et al., 
2019). This last aspect is of major importance as the Mediterranean habitat will be 
strongly affected by the global warming in the future (Giorgi & Lionello, 2008; see 
also the chapter by Giorgi & Raffaele, 2023), along with atmospheric invasion of 
PBAPs from non-native species (Peñuelas et  al., 2002; Belmonte & Vilà, 2004; 
Cecchi et al., 2010). In this context, it is important to increase the bioaerosol moni-
toring network (Scheifinger et  al., 2013; Pollen Monitoring Map of the World, 
https://www.zaum- online.de/pollen/pollen- monitoring- map- of- the- world.html, last 
accessed 22 July 2022) in the eastern part of the Mediterranean area, including 
intensive campaigns. Figure 3 illustrates results from a campaign performed at the 
Cyprus Atmospheric Observatory (CAO; https://www.cyi.ac.cy/cao/, last accessed 
22 July 2022), a rural background atmospheric station at Agia Marina Xyliatou in 
Cyprus. It shows a measurement time series of airborne bacteria, fungal spores, and 
pollen every 2 hours from 4 to 12 April 2016. The bioaerosol observatory in Cyprus 
is currently under development in close collaboration with the French aerobiologi-
cal monitoring network (RNSA; https://www.pollens.fr, last accessed 22 July 2022). 
The genuine data collected will allow feeding robust statistical models for predict-
ing the evolution of the concentrations in the Mediterranean area. This last aspect is 
of primary importance to characterize and evaluate the means employed by biodi-
versity to cope with global climate change and Earth system evolution (Damialis 
et al., 2007, 2015).

Fig. 3 Variability of bioaerosol concentrations at Agia Marina Observatory in the center of Cyprus 
during the April 2016 INUIT campaign of the BACCHUS EU Project: top culturable bacteria, 
middle fungal spores, and bottom pollen
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4  Conclusion and Recommendations

Biogenic VOCs have been studied in the Mediterranean area since the 1990s, most 
often in the western basin. BVOC emissions have been measured from the branch 
to the canopy scale through various approaches and over different ecosystems. 
Since two decades, the development of the PTRMS technology has favored canopy 
flux measurements as well as the measurements of hitherto largely neglected BVOC 
classes, especially methanol and other oxygenated compounds, that can be largely 
emitted by terrestrial vegetation. But we still miss measurements to characterize 
BVOC emissions and chemistry. The total OH reactivity approach is an independent 
measurement method helping to estimate the completeness of direct VOC measure-
ments. A missing OH reactivity is pointed out in several ecosystems, showing that 
important VOCs for atmospheric chemistry are still not measured. We also note that 
there are still plenty of Mediterranean species which are poorly investigated, and we 
recommend extending measurements to a larger number of different plants. 
Standardized measurements are needed in order to facilitate comparisons from one 
study to the other and model applications (see, e.g., the study of Langford et al., 
2017). Although emissions from bare soil are very low, VOC emissions from litter 
may also need to be considered. More measurements are needed to better character-
ize this source and enable its implementation in emission models. At a larger scale, 
BVOC airborne measurements to characterize fluxes at the landscape scale are 
scarce in the Mediterranean area (Freney et al., 2018).

Concerning modelling, good progress has been made in simulating BVOC emis-
sions through different approaches. The most commonly used model in the com-
munity is the empirical model MEGAN, enabling to determine distributions and 
intensities of BVOC emissions at local to global scales. However, emission models 
have limitations to account for biome-specific stress conditions. Studies having esti-
mated drought stress on diverse VOC emitters emphasize that its impact largely 
depends on the species ability to withstand drought. This impact of drought stress 
on isoprene is still poorly described in emission models.

We still need more data (1) to refine our knowledge on drought effects on BVOC 
emissions and (2) to parameterize and validate empirical approaches over a broader 
range of environmental stress conditions and emitters. Our capability to correctly 
assess the impact of drought in VOC emission inventories is especially crucial for 
regions that are covered with a large quantity of strong VOC emitters and that expe-
rience frequent drought episodes, like the Mediterranean region. Therefore, we rec-
ommend to expand manipulative experiments, like the one performed recently in 
southern France (Genard-Zielinski et al., 2018), to other Mediterranean ecosystems 
to better understand their responses to climate change. All these improvements in 
BVOC emission parameterization will help as well to improve modelling of the 
secondary species (ozone, secondary organic aerosols) and better assess biosphere- 
atmosphere interactions (and their feedback) in the context of regional cli-
mate change.
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Bioaerosol is an emerging important topic through its potential impact on health 
and on climate. The situation is contrasted. While pollen measurements are rou-
tinely performed in the western part of the Mediterranean basin, the eastern part is 
much less documented. In addition, measurements of fungal spores and bacteria are 
still very scarce in the whole basin. Therefore, current efforts to enlarge the bioaero-
sol measurement network should be encouraged, in parallel with implementation of 
bioaerosols in regional models.
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Abstract In this chapter, we first discuss the basis of the physics of soil dust emis-
sion, underlining that the processes controlling these emissions are strongly (and 
non-linearly) related to meteorological parameters (especially the wind speed and 
precipitation). Consequently, dust emissions are sensitive to climatic changes. 
Moreover, dust emissions from soils result from complex interactions between these 
meteorological parameters and the soil surface, making their assessment even more 
difficult. Indeed, dust emission only occurs when the wind speed exceeds the wind 
speed threshold for erosion, which depends on the characteristics of the surface 
(roughness, soil grain size, vegetation cover, soil moisture, etc.). Some arid and 
semi-arid areas are thus more prone to emitting dust into the atmosphere than oth-
ers. After providing estimates of the magnitude of dust emissions as simulated by 
models, the meteorological mechanisms leading to dust emission and transport in 
the Mediterranean are illustrated. Then, Saharan source regions that contribute the 
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most to dust fallout in the western Mediterranean region are discussed from deposi-
tion measurements, satellite aerosol observations, and air mass trajectories. The 
way by which human activities (especially agriculture) could affect dust emissions 
is briefly illustrated.

1  Introduction

The Mediterranean basin is surrounded on its southern border by the Sahara desert, 
the largest desert of the world, and on its eastern border by the Middle East deserts. 
Dust emission regions were first identified using the records of dust storms and 
associated events as reported in meteorological stations located in or close to the 
main deserts (e.g., Dubief, 1953; Middleton et al., 1986). Shao et al. (2013) com-
piled synoptic meteorological records to establish the global distribution of frequen-
cies of dust situations for the period 1974–2012. Even if these observations are 
often done in the margins of the main desert areas, they give us a global view of the 
main dust emission regions. In particular, the data gathered in Fig. 1 illustrate the 
high dust event frequencies encountered in the regions of the Sahara and Middle 
East deserts in agreement with the main dust source regions identified from space 
using the TOMS absorbing aerosol index (Prospero et al., 2002).

Mineral dust is a major component of the Mediterranean atmospheric aerosol 
(Basart et al., 2009; Pey et al., 2013; Gkikas et al., 2016). For example, Bergametti 
et al. (1989) showed that the concentrations of mineral aerosols, as traced by alumi-
num measured in the Mediterranean atmosphere, vary over several orders of magni-
tude, from several tens to several thousands of μg m−3, in less than 48 h. This results 
from (1) strong of dust concentrations gradients due to sporadic events and short 
lifetimes in the atmosphere and (2) preferential areas for high dust concentrations.

Figure 2 provides an example of the rapid change in dust concentration as it can 
be observed in dust source regions. It reports the 5-minute mean and maximum 
wind speeds and PM10 (i.e., the particulate matter having a diameter < 10 μm) con-
centrations measured at the Institute of Arid Region station of El Fjé in Médénine, 
South Tunisia (33.499°N, 10.642°E), on May 13, 2014 (Bouet et al., 2019). A sud-
den huge increase in 5-min PM10 concentration (from about 50 up to about 
3400 μg m-3) occurred concomitantly with an increase in 5-min maximum wind 
speed from about 3 to 15 m s−1, and large concentrations (>500 μg m−3) persisted as 
long as the maximum wind speed remained >13 m s−1. This illustrates the pulsed 
and sporadic nature of dust events emitted from desert areas: dust concentrations 
can increase by several orders of magnitude within very short periods of time 
(<1 hour) and for relatively short durations (here less than 2 hours).

Indeed, dust emissions only occur when the surface wind speed exceeds a thresh-
old value controlled by the surface soil properties. Thus, any part of the Sahara 
desert and semi-arid peripheral regions can be a dust source provided the wind 
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Fig. 1 Global distribution of the frequencies of dust situations estimated from synoptic records 
(weak and strong events) for the period from January 1974 to December 2012. The different 
regions are framed: N and S Africa, N and S America, Middle East, NO Asia, NE Asia, SW Asia, 
Europe, and Australia. (Reprinted from Fig. 2 in Shao et al., 2013)

speed is above the threshold, but preferential areas for dust emissions do exist. They 
generally correspond to regions where both high wind speeds are frequently 
observed and smooth and easily erodible surfaces are present. However, the assess-
ment of the dust sources, especially of their intensity, remains challenging. Indeed, 
the most frequent and the most intense dust sources are generally not the same (e.g., 
Laurent et al., 2006; Bergametti et al., 2017).

In this chapter, a brief description of the dust emission processes and their quan-
tification is presented as well as the role of human activities in northern Africa and 
the way by which they could affect soil dust emissions. Meteorological mechanisms 
leading to dust emission and transport and their temporal variability are illustrated. 
Finally, the main locations of dust sources for the Mediterranean region are 
discussed.
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Fig. 2 Temporal evolution of the 5-minute PM10 concentration (in μg m−3, red line) and 5-minute 
mean (light blue line) and maximum (dark blue dashed line) wind speed (in m s−1) observed at 
Médénine, Tunisia, on May 13, 2014. (Figure reprinted from Fig. A1 Bouet et al. (2019))

2  Processes and Quantification of Dust Emissions

2.1  Dust Emission Physical Processes

Mineral dust emissions result from the force exerted by wind on an erodible soil 
surface (i.e., generally bare or sparsely vegetated and dry). The force exerted by the 
wind on the surface is the shear stress (τ):

 � �� �
aU

2

 (1)

with ρa, the air density, and U*, the wind friction velocity. Under thermal neutral 
conditions, U* can be expressed from the wind speed (U) at a given height (z) and 
the aerodynamic roughness length (Z0) using the logarithmic wind speed profile 
(Priestley, 1959):

 
for z Z U z U k z Z� � � � � � � ��

0 0, / ln /
 (2)

where k is the von Karman constant (k ~ 0.4). Z0 quantitatively translates the effect 
of erodible elements (soil grains) or non-erodible elements (gravels, pebbles, stones, 
vegetation) on the transfer of energy from the wind to the surface.
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A key point to have in mind is that dust emission into the atmosphere only occurs 
when the energy provided by the surface wind is higher than the energy maintaining 
the soil grains at the surface. Gravity, inter-particle cohesion, as well as capillary 
forces, which can be observed when the soils have a significant water content, con-
tribute to maintain the soil grains and aggregates on the ground. These forces oppose 
the mechanical action of the wind, which tends to tear the grains off the ground. The 
setting in motion of soil grains and aggregates is observed when the wind friction 
velocity is higher than a threshold value to overcome the forces maintaining the soil 
grains on the surface (e.g., Bagnold, 1941). The threshold wind friction velocity for 
erosion, U*t, is defined as the wind friction velocity at which the movement of soil 
grains is initiated. Gillette et al. (1982) and Nickling and Gillies (1989) performed 
measurements carried out using portable wind tunnels in various arid and semi-arid 
sites in the United States, They documented variations in U*t from a few tenths to 
several m s−1 in natural conditions. On Earth, for smooth, loose, and dry soil, and 
assuming spherical soil grains, U*t depends mainly on the grain diameter (Dp) and 
density (ρp). There is an optimal grain diameter, around 70–100 μm, for which the 
threshold speed required for the mobilization of soil particles is minimal (Chepil, 
1951; Iversen & White, 1982) and close to 18–20 cm s−1. Furthermore, Shao and Lu 
(2000) proposed a formulation of U*t based on an explicit expression of the van der 
Waals and electrostatic forces involved in the inter-particle cohesion forces. For 
larger grains, U*t increases because their greater weight increases the energy 
required to set them in motion. For the grains having a diameter smaller than the 
optimum grain diameter for wind erosion, U*t increases on average when the grain 
size decreases. Indeed, relative to the weight of individual particles, the inter- 
particle forces become increasingly significant as the particle size decreases (e.g., 
Stringer et al., 2020). However, the dust particles emitted from soils and transported 
in the atmosphere (i.e., soil particles with a diameter less than a few micrometers to 
some tens of micrometers) are most often linked together in the soil by cohesive 
forces in the form of aggregates of greater sizes, from several tens to hundreds of 
micrometers. Free particles in the atmospheric dust size range are generally rare in 
soils (e.g., Chatenet et al., 1996; Mei et al., 2004).

The gravels, pebbles, micro-reliefs, as well as sparse vegetation that can be 
encountered in desert areas partly protect the surface, which is then less subject to 
wind erosion. Beyond this covering effect of the surface, these non-erodible ele-
ments also dissipate a fraction of the wind energy that is no longer available to 
mobilize the grains of the soil. This leads to an apparent increase in the threshold 
wind friction velocity (e.g., Raupach, 1992; Marticorena et al., 1997).

When the soil is sufficiently moist, the presence of water between the soil grains 
increases the capillary forces and then reinforces the cohesion between the soil 
grains (Chepil, 1956; McKenna-Neuman & Nickling, 1989; Chen et al., 1996). The 
threshold wind friction velocity does not increase as a function of the total soil 
moisture (w), but of the difference between w and of the so-called residual moisture 
(w’) (Fécan et al., 1999). This residual moisture reflects the amount of water that 
must be trapped in a film of water around the grains before the interstices between 
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the soil grains begin to fill. This residual soil moisture depends on the soil texture 
(i.e., relative proportions of sand, silt, and clay).

Other environmental factors, such as snow cover or frost, can also limit or even 
inhibit wind erosion of soils. In addition, surface crusts strongly reduce or even 
inhibit dust emissions. The formation of crusts depends on the soil texture (in par-
ticular % of clay, i.e. the finest size fraction) and the composition (% of salts) of the 
soil surface layer, as well as humidification by precipitation and drying processes of 
the soils (e.g., Valentin & Bresson, 1992; Belnap & Gillette, 1998; Rajot et al., 2003).

When the threshold wind friction velocity is exceeded, the soil grains and aggre-
gates follow a ballistic trajectory in a horizontal movement above the surface known 
as saltation. The disaggregation of aggregates in saltation when they collide the 
surface or when they are bombarded on the ground by soil grains in saltation releases 
into the atmosphere the finer dust particles that were previously linked in larger 
aggregates (Gillette & Goodwin, 1974; Gomes et al., 1990). This process is gener-
ally called sandblasting. Saltation is thus often considered as a prerequisite to gener-
ate significant dust emission fluxes. It must be noted that a fractionation in size but 
also in composition (mineralogical, chemical) between the soil and the aerosol takes 
place during these saltation and sandblasting processes (e.g., Gomes et al., 1990; 
Shao, 2001; Kok, 2011).

The grains in saltation constitute the horizontal mass flux (G). It is generally 
accepted that only dust particles smaller than a few tens of micrometers can be 
extracted from the saltation layer and then transported over longer distances (e.g., 
Gillette, 1977; Nickling, 1994; Shao, 2008). The emission of these fine particles 
into the atmosphere is referred to as the vertical dust flux (F). Nevertheless, “giant” 
particles with sizes up to >100 μm can be found at remote distances (Betzer et al., 
1988; Weinzierl et al., 2009; van der Does et al., 2018; Ryder et al., 2019; Toth III 
et al., 2020) although their theoretical gravitational velocity of thousands meters by 
day is not compatible with their long-range transport. Their abundance is still 
debated especially because they are difficult to collect quantitatively in the atmo-
sphere. Based on in situ measurements with quasi-Lagrangian balloons drifting 
within Saharan dust plumes over the western Mediterranean, Renard et al. (2018) 
report the persistence of a particle size mode around 30  μm in diameter during 
transport.

Numerical models have been developed to compute saltation and dust fluxes tak-
ing into account a description of the threshold wind friction velocity, the saltation 
process, and the efficiency of sandblasting. It is therefore essential to pay particular 
attention to the key parameters chosen to model G and F. From a dimensional anal-
ysis, Bagnold (1941) established a first formulation of G as a function of U*:

 G c gU� �4 3 3/ /�a  (3)

with G in g cm−1 s−1, c an empirical coefficient function of the grain size (between 
1.5 and 2.8), ρa the air density in g cm−3, g the gravity in cm s−2, and U* in cm s−1.

Based on field and wind tunnel experiments or theoretical studies, many authors 
have proposed semi-empirical expressions of the horizontal flux G. For example, 
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the equation from (White 1979 derived from Kawamura 1964) represents the influ-
ence of the threshold friction speed on G (with c = 2.6):
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Different conceptual relationships have been established relating the F/G ratio (i.e., 
sandblasting efficiency, α) to the kinetic energy of impacting particles and the resis-
tance of the surface (Shao et al., 1993) or to the proportion of fine particles in the 
soil (% of clay) (Marticorena & Bergametti, 1995). These approaches provide an 
estimate of the mass of emitted dust. However, an explicit description of the phe-
nomenon leading to the disruption of aggregates is necessary to model the size 
distribution of the particles constituting F. Alfaro and Gomes (2001) developed a 
sandblasting scheme based on the balance between the kinetic energy (ec) of grains 
in saltation impacting the surface and the cohesion energy (ei) of aggregated parti-
cles. A mass flux of dust is emitted if ec is greater than ei. Another approach is to 
estimate the amount of fine particles present in the volume of soil that a grain in 
saltation can eject by impacting on the surface (Shao, 2001, 2004). This scheme, 
which also includes the disaggregation of saltating aggregates, uses the texture and 
an estimate of the plastic pressure of the soil to relate F to G. Finally, an analogy 
between the dust emission due to saltation and the impact fragmentation of brittle 
materials such as glass has been proposed by Kok (2011) and Kok et al. (2014), 
which also requires knowledge of the soil texture.

2.2  Quantification of Dust Emission

Estimates of dust emission are only provided by modeling studies, since direct mea-
surements and observations cannot quantitatively measure dust emissions at the 
scale of the desert source areas. Dust emission parameterizations derived from the 
physical description of the processes were included in chemical transport models 
(CTM) (e.g., Schulz et al., 1998; Ginoux et al., 2001; Zender et al., 2003; Menut 
et al., 2005; Albani et al., 2014). Modeling studies suggest that the amount of desert 
aerosols emitted each year into the atmosphere at global scale ranges between 1000 
and 4000 Mt year−1 and between 200 and 2900 Mt year−1 for North Africa (see 
Huneeus et al., 2011 and references therein). In order to document the state of the 
art in terms of aerosol modeling, the AeroCom project (https://aerocom.met.no) 
intercompared the simulations of global aerosol models and also compared them 
with a large number of satellite observations and measurements (AERONET mea-
surements, surface concentrations) (Textor et al., 2006, 2007; Huneeus et al., 2011). 
Based on the AeroCom work of Textor et al. (2006, 2007), Bergametti and Forêt 
(2014) selected seven models, with similar representation of the aerosol size distri-
bution, for which they compared the yearly emissions budget and average 

Soil Dust Emissions

https://aerocom.met.no


58

39.05

29.05

19.05

9.05

–0.95
–20.62 –10.62 –0.62 9.38 19.38 29.38 39.38 49.38

Longitude

La
tit

ud
e

39.05

29.05

19.05

9.05

–0.95

La
tit

ud
e

500.0

[g m–2 y–1] [g m–2 y–1]

200.0

100.0

50.0

20.0

10.0

5.0

2.0

1.0

0.5

0.2

0.1

0.0

500.0

200.0

100.0

50.0

20.0

10.0

5.0

2.0

1.0

0.5

0.2

0.1

0.0

source: AEROCOM
–20.62 –10.62 –0.62 9.38 19.38 29.38 39.38 49.38

Longitude source: AEROCOM

EMI_DUST 2000 mean 17.038

MATCH MOZGN

EMI_DUST 2000 mean 44.831

Fig. 3 Dust emission simulated for 2000 by MATCH and MOZGN (Huneeus et al., 2011) in the 
framework of the AeroCom-Experiment-A model intercomparison exercise. (Figures from https://
aerocom.met.no/cgi- bin/surfobs_annualrs.pl (last accessed April 25, 2020))

atmospheric dust load simulated on a global scale: the dust load simulated by the 
different models ranges from 17 to 29 Tg, whereas model dust emissions vary by a 
much larger ratio of up to 4. From a second AeroCom intercomparison exercise, 
Huneeus et al. (2011) confirmed that the simulations of the aerosol optical depth 
(AOD, which is a proxy of the aerosol content integrated over the whole atmo-
spheric column) performed by global models are quite consistent with no more than 
a difference of a factor of 2, while there may be a factor of 10 in surface concentra-
tions and deposition. These results illustrate how the mass budget between simu-
lated dust emissions and deposition can differ from one model to another.

As an example, Fig. 3 reports the dust emissions simulated for North Africa and 
western Middle East by the MATCH and MOZGN global models (see more infor-
mation about the these CTM and the aerosol modules in Textor et al., 2006, 2007), 
pointing out the differences in (i) the mean annual dust emission fluxes simulated 
for 2000 and (ii) the relative importance of the main dust sources. With MOZGN, 
the simulated dust emissions are almost three times higher than the ones with 
MATCH (45 vs 17 g m−2 year−1), and the eastern and southern Sahara as well as the 
Middle East sources are much more active in MOZGN simulations.

This large difference in simulated dust emissions reflects the uncertainties that 
persist in modeling dust emissions. In fact, our ability to document the surface and 
soil parameters as well as the surface winds is a key point to model dust emissions. 
Figure 4 illustrates the erosion threshold wind speeds computed at high resolution 
for the Sahara and Middle Eastern deserts combining Z0 derived from POLDER 
satellite observations (Marticorena et al., 2004; Laurent et al., 2008) and soil in situ 
measurements representative of large desert landscapes. This shows that the 10-m 
wind speed required for dust emissions from most of the desert source areas range 
from about 6 to 20 m s−1, which are generally not, and by far, the most frequent wind 
speeds of the wind speed distribution (e.g., Menut, 2008). For example, in the Sahel, 
the time during which the wind speed exceeds the wind threshold for wind erosion 
is of the order of only 36–48 hours by year (Bergametti et al., 2017). This means 
that meteorological fields used in 3D models should reproduce precisely the part of 
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Fig. 4 Map of the minimum 10m erosion threshold wind speed (in m s−1) over North Africa 
¼° × ¼° spatial resolution. (After data from Laurent et al., 2008)

the wind speed distribution corresponding to the highest wind speeds and, gener-
ally, they do not (e.g., Cowie et al., 2015; Torralba et al., 2017).

Using a semi-empirical model (Marticorena & Bergametti, 1995) and this data-
base specifically developed to document the erosion wind threshold for North 
African desert areas, annual dust emission of 670 Mt was simulated for the Sahara 
desert: 480 being emitted from the western Sahara (16° N–38°N; 19°W–14°E) and 
190 from the eastern Sahara (16° N–38°N; 14°E–40°E) (Laurent et al., 2008). These 
simulations were in agreement with the early proposed estimation by d’Almeida 
(1986) (630–710 Mt year−1 for 1981 and 1982). A significant part of the dust emit-
ted from these regions can be transported over the Mediterranean area. It was esti-
mated that between 80 and 120 Mt of dust are transported per year northward from 
the Sahara (d’Almeida, 1986).

Mineral dust emissions could also result from soil disturbance due to changes in 
human activities, desertification, and intensification of high surface winds con-
nected to climate change. The quantification of anthropogenic dust emissions and 
their relative contribution to the global dust emissions remain uncertain and under 
debate (e.g., Mahowald et al., 2010; Ginoux et al., 2012), although progress has 
been made in understanding the human impact on these areas. For a given site, each 
ecological state (e.g., grassland, shrub-invaded grassland, or shrubland) has some 
ranges of potential wind erodibility based on the ground cover dynamics and soil 
disturbance frequency. These characteristics are modulated by land use intensity 
and management practices, which may also be drivers of ecological state change 
(Bestelmeyer et al., 2015; Webb & Pierre, 2018). For instance, the Mediterranean 
basin, on both its eastern and southern borders, has been subject to major changes 
in land uses, including deforestation and increase in surfaces devoted to agricultural 
and urban activities. Moreover, the semi-arid areas that contribute to the dust 
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content observed over the Mediterranean basin are especially vulnerable to changes 
in precipitation patterns which could generate drought periods that favor dust emis-
sions. These different conditions have certainly already modified the mineral dust 
content of the Mediterranean region and its composition even if the magnitude of 
these effects remains unknown at that time. The socioeconomic development in 
North African countries has induced a growing pressure on natural soils with an 
expansion of cultivated areas and the introduction of modern techniques (e.g., 
Khatteli et al., 2016). While most plowing operations in North Africa during the 
1960s were based on draft animals and traditional tools, tractors and disc plows 
have progressively replaced these former techniques (Labiadh et al., 2013 and refer-
ences therein). Labiadh et al. (2013) measured saltation flux and micrometeorologi-
cal parameters in South Tunisia over agricultural plots constituted of very fine sand 
(Labiadh et al., 2011) that have been tilled with different plowing tools (moldboard, 
tiller, disc). Their results show that the saltation fluxes are significantly higher over 
agricultural surfaces tilled by disc plow, a technique recently introduced in North 
Africa, compared to those measured on the plot tilled with tiller plows (by a factor 
4) or with moldboard (by one order of magnitude), a technique more similar to tra-
ditional practices. These results strongly suggest that new techniques of tillage, like 
disc, could modify drastically the soil erosion by wind, at least on agricultural plots 
constituted of loose soils (Labiadh et al., 2013). This also suggests that changes in 
agricultural management practices could have similar or even higher impacts on 
dust emissions than those induced by the increase in agricultural surfaces.

3  Meteorological Situations Favorable to Dust Emission 
and Transport Toward the Mediterranean

Different meteorological mechanisms are responsible for high wind speeds and thus 
dust emission. In this section, some of the most frequent situations are illustrated. 
For instance, in the Sahara, they are mainly connected to (i) the diurnal cycle of the 
nocturnal low-level jet, (ii) large-scale synoptic systems and associated fronts, and 
(iii) convective cells of various sizes.

The diurnal cycle of the nocturnal low-level jet (NLLJ), associated with a wind 
speed maximum frequently forming in the lower troposphere at nighttime, is respon-
sible for most of the high wind speeds, especially during morning in the Sahelian 
and Saharan regions (e.g., Fiedler et al., 2013; Knippertz, 2008; Marsham et al., 
2013). The most common process responsible for the formation of NLLJ is a decou-
pling of the airflow from surface friction which then oscillates around the geo-
strophic wind (Blackadar, 1957). One of the requirements for the formation of the 
NLLJ is a radiative cooling creating a surface inversion that stabilizes the surface 
layer. In the morning, from sunrise to about midday, the turbulence grows by sur-
face heating, allowing downward mixing of momentum from the NLLJ to produce 
surface wind speeds that can be sufficient to initiate wind erosion and dust emission.
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At the synoptic scale, the key feature for dust emission is the existence of an 
intense, low-level pressure gradient that can generate sufficiently high wind speeds. 
Depending on the season, different positions of troughs and high-pressure systems 
occur over the Sahara. As an example, in spring, a season especially favorable to 
Saharan dust transport toward Europe and the Mediterranean region, dust emissions 
are frequently due to intense low-level cyclones linked to the penetration to low lati-
tudes of an upper level trough moving eastward along the northern margin of the 
Sahara (e.g., Moulin et al., 1998; Kubilay et al., 2000; Barkan et al., 2005, Barkan 
& Alpert, 2008; Knippertz & Todd, 2012). The associated dust events are the well- 
known Khamsin in Libya and Egypt or Sharav in the Middle East. More details can 
be found in Alpert and Ziv (Alpert & Ziv, 1989), Bou Karam et  al. (2010), and 
Knippertz and Todd (2012).

Lastly, the gust front outflows caused by moist convection are also responsible 
for high wind speeds and intense dust emission. Typical cases of such events are 
haboobs that occur frequently in the Sahel as a consequence of the passing of meso-
scale convective systems and other squall lines. This type of process linked to strong 
evaporation and downdraft caused by dry air at mid-level can also be observed in the 
foothills of mountain ranges such as along the Atlas chain (Knippertz et al., 2007).

Because various meteorological situations control the frequency of dust events in 
the North of Africa, their occurrence varies significantly on seasonal, annual, and 
decadal time scales (Goudie & Middleton, 2001; Klose et al., 2010). For instance, 
dust emissions show marked seasonal cycles driven by both local surface winds and 
large-scale atmospheric dynamics. Multiannual simulations performed by Laurent 
et al. (2008) point out different seasonal cycles of dust emissions between the west-
ern and eastern parts of the Sahara, with a maximum in summer for the western 
Sahara and in spring for the eastern Sahara. This is in good agreement with observa-
tions: the highest dust event frequencies are recorded in late spring and summer in 
the western basin and spring (and to a lesser extent in fall) in the eastern basin 
(Bergametti et al., 1989; Ganor, 1994; Kubilay & Saydam, 1995; Prospero, 1996; 
Moulin et al., 1998; Koçak et al., 2004; Meloni et al., 2007). Even if dust emissions 
exhibit a different seasonal pattern from one part of the basin to another, dust events 
can be observed in the Mediterranean all along the year. Depending on the sub- 
Mediterranean region, between 15 and 30 sporadic and pulsed dust events having 
generally a 2–3-day duration occur every year (Loÿe-Pilot & Martin, 1996; 
Bergametti et al., 1989; Ganor, 1994; Barkan et al., 2005; Meloni et al., 2008), but 
are observed more frequently in the southern part of the basin (Pey et al., 2013). 
During these sporadic dust events, the concentration in particulate matter measured 
in the Mediterranean atmosphere can increase drastically in a very short time (e.g., 
Pey et al., 2013).

The main atmospheric configurations favoring the transport of dust from North 
Africa toward the western Mediterranean are illustrated in Fig. 5 (Bout-Roumazeilles 
et al., 2007, based on the works of Coudé-Gaussen, 1982; Coudé-Gaussen et al., 
1987; Bergametti et al., 1989; Rodrıguez et al., 2001).

It appears that (1) a SW-NE transport toward the northern Mediterranean occurs 
mostly in winter when a large depression system develops between the Canary 
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Fig. 5 Three main atmospheric configurations favoring the meridional transport of Saharan dust 
toward Europe: (a) during winter with a strong low pressure (L) over the Iberian Peninsula; (b) 
during fall with a strong high pressure (H) over the central Mediterranean combined with a low 
pressure off Portugal; and (c) during summer with a strong low pressure over North Africa and 
tropical Atlantic and a low pressure over the North Atlantic. (Figure reprinted from Fig. 2 in Bout- 
Roumazeilles et al., 2007)

Islands and the Iberian Peninsula; (2) during inter-seasons, a SE-NW transport is 
initiated by the simultaneous occurrence of a strong central European anticyclone 
and of a depression off Portugal; and (3) summer dust transport may result from the 
westward shift of the North African anticyclone associated with the remoteness of 
the Azores High, which provides a SW-NE depression trench along the African 
coasts toward the Iberian Peninsula and western part of the Mediterranean (Bout- 
Roumazeilles et  al., 2007). Dust events in the eastern Mediterranean are usually 
associated with strong south-westerly and southerly flows in the region, although 
events have been reported under easterly flow conditions in the easternmost part of 
the basin (Dayan et al., 1991; Levi & Rosenfeld, 1996).
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4  Dust Source Regions of Interest for the Mediterranean

Far from dust source regions, the earlier works to identify the provenance of dust 
transported over the Mediterranean basin were mainly based on backward air mass 
trajectories, sometimes associated with elemental or mineralogical tracers and/or 
qualitative analysis of satellite images (e.g. Prodi & Fea, 1979; Reiff et al., 1986; 
Bergametti et al., 1989). Most of these studies focused on the western part of the 
basin. It was found that the dust sources contributing the most to long-range trans-
port were located in the northern part of the Sahara (the southern border of the Atlas 
Mountain in Morocco and Algeria, the Jeffara area in Tunisia, and Libya) and some 
events could also result from dust sources located deeper inside the Sahara south of 
30°N (e.g., Bergametti et al., 1989; Avila et al., 1997). Studies of dust plume events 
over the Sahara using Infrared Difference Dust Index derived from METEOSAT 
observations were also conducted (Legrand et al. (1994), and from METEOSAT 
observations, Moulin et al. (1998). They confirmed the importance of dust source 
regions around 30°N from Morocco to Egypt for the Mediterranean region.

Middleton and Goudie (2001) and Prospero et al. (2002) used the TOMS (Total 
Ozone Mapping Spectrometer) Absorbing Aerosol Index to localize the main source 
areas of mineral dust. The analysis of these observations averaged over decadal 
periods (Prospero et al., 2002; Washington et al., 2003) also suggests that the main 
sources for the Mediterranean basin are located in eastern Algeria-Tunisia, and 
Libya and Egypt for the easternmost part of the basin. TOMS data points out the 
extensive system of chotts (i.e., salty depression) and dry lakes located on the south-
ern flanks of the Atlas, as the region of most intense dust activity. Sources are also 
active in a large area of the eastern Libyan Desert. In Egypt, the main source identi-
fied by TOMS is ranging from 24°N to 27°N and from 29°E and 33°E, i.e., the 
Ghurd Abu Muharrik region, also called the Abu Mukharri Dunes.

Another analysis of the TOMS data performed by Israelevich et al. (2002) dis-
agrees with the previous studies regarding the respective importance of the northern 
and southern Saharan sources of dust for the Mediterranean basin. The authors point 
out two regions, also identified by Prospero et  al. (2002) and Washington et  al. 
(2003), deeply inside the Sahara, one centered around 16°N and 16°E and corre-
sponding roughly to the Chad basin and one located around 19°N and 6°W (Eljouf 
basin) as the primary sources of dust for the Mediterranean basin. These authors 
assume that the dust events over the Mediterranean are not caused directly by the 
increased dust supply (dust storms) from the main source regions but by the occur-
rence of favorable synoptic conditions (Sharav cyclones). The role of these source 
regions would be to maintain a reservoir of desert aerosol above the whole of north-
ern Africa during spring and summer, this dust being transported northward and 
eastward to the Mediterranean region each time a cyclone is formed.

Based on a global-scale high-resolution (0.1°) mapping of sources using MODIS 
(Moderate Resolution Imaging Spectroradiometer) Deep Blue estimates of dust 
optical depth (M-DB2 DOD) and land use data sets, Ginoux et al. (2012) investi-
gated dust sources worldwide. They ascribed dust sources to natural and 
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Fig. 6 Distribution of the relative number of days per year (%) with M-DB2 DOD >0.2 over North 
Africa overplotted on shaded orography. The frequencies associated with (hydro) and without 
(non-hydro) ephemeral water bodies and with less (natural) and more (anthropogenic) than 30% 
land use are shaded in blue; yellow, red, and orange; and magenta, respectively. The frequency 
levels are 10%, 20%, 40%, 60%, and 100%. The topography shading varies from dark green 
(300 m) to brown (1000–4000 m) and then to gray for higher elevation. Some source areas, dis-
cussed in the text, are contoured in white and are numbered as follows: 1, Senegal River Basin; 2, 
Aoukar depression; 3, upper Niger River Basin; 4, Lake Chad; 5, river drainage basin of the Ennedi 
and Ouaddaï Highlands; 6, Mourdi depression; 7, Bodélé depression; 8, Grand Erg of Bilma; 9, 
river drainage basin of the Aïir; 10, Erg El Djouf; 11, Sebkhet te-n-Dgâmcha; 12, Tiris Zemmour 
region; 13, Grand Erg Occidental; 14, Grand Erg Oriental; 15, Libyan Desert; 16, Nile River Basin; 
17, Qattara depression; 18, Mesaoria plain in Cyprus; 19, Chott el Jerïd; 20, Chott Melrhir; 21, 
Chott el Hodna; 22, Chott Ech Chergui; 23, Morocco coastal plains; and 24, Andalusia in Spain. 
Some geographic features are contoured in black and are labeled as follows: A, the Sahel; B, the 
Ouaddaï Highlands; C, Ennedi; D, Tibesti; E, Ahaggar; and F, Atlas Mountains. (Reprinted from 
Fig. 7 in Ginoux et al., 2012)

anthropogenic (primarily agricultural) origins and estimated their respective contri-
butions to dust emissions. They estimated that 8% of North African dust emissions 
were anthropogenic, mostly from the Sahel. Moreover, sources in the Atlas 
Mountains and along the Mediterranean coast were generally anthropogenic 
(Fig. 6). According to these authors, local dust activity observed in Southern Spain 
and Cyprus is also mainly associated with anthropogenic activities.
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More recently, Vincent et al. (2016) discussed how different Saharan dust regions 
can contribute to dust deposition in the western Mediterranean from a joint analysis 
of weekly deposition measurements performed between 2011 and 2013 at five loca-
tions, MODIS AOD and HYSPLIT air mass trajectories(see also the chapter by 
Laurent et al., 2022). For each identified dust deposition event, the most southerly 
location of the highest AOD along the modelled air mass trajectory defined a region 
where dust originated. The identified regions were relatively large to account for the 
uncertainties of the trajectory model and the associated meteorological data. It 
should also be kept in mind that other sources located along the pathway of the dust 
plume can also contribute to the dust uplifts. Vincent et al. (2016) defined seven 
areas of dust provenance by grouping together the closest dust localizations (Fig. 7): 
Niger and Chad (DPA1), northern Mali and southern Mauritania (DPA2), western 
Sahara and southern Morocco (DPA3), central Algeria (DPA4), Libya (DPA5), 
Tunisia and eastern Algeria (DPA6), and northern Morocco and northwestern 
Algeria (DPA7). Almost 3/4 of the dust deposition collected in the northwestern 
Mediterranean and south of France comes from the western part of the Sahara, 
when source provenance areas, even south of 20° N, like Niger and Chad, and north-
ern Mali and southern Mauritania, could contribute to dust deposition in the western 
Mediterranean but are definitely not dominant. Western Sahara and Tunisia were the 
most frequent origins of dust deposited in Majorca. Salvador et al. (2014) identified 
Tunisian and Libyan sources for specific dust outbreaks observed in spring in 
Balearic Islands and central Mediterranean. Dust deposited in Corsica generally 
came from the Western Sahara and southern Morocco, Tunisia and eastern Algeria, 
and Libya (Vincent et  al., 2016). The authors also noted that dust deposited in 
Lampedusa generally came from the Tunisian and Libyan regions and central 
Algeria. Marconi et al. (2014) also pointed out source regions located in Tunisia- 
Algeria and Libya to explain atmospheric dust content in Lampedusa, and Meloni 
et al. (2008) indicated Morocco, Algeria, and Tunisia as dust loading areas, as well 
as southern areas in Mauritania-Mali. These results illustrate that Saharan dust com-
ing from different regions contributes in different proportions to the dust deposition 
in the different parts of the western Mediterranean basin.

Achilleos et al. (2020) investigated the spatiotemporal variability of desert dust 
storms in the eastern Mediterranean between 2006 and 2017. They used PM10 and 
dust-AOD obtained in Finokalia (Crete, Greece), Ayia Marina Xyliatos (Cyprus), 
and Beer Sheva (Israel) combined with HYSPLIT trajectories to determine the 
influence of Saharan and Middle Eastern desert dust sources on the eastern 
Mediterranean on an annual level. Finokalia station was influenced almost exclu-
sively by dust coming from the Sahara desert, only a small number of events being 
influenced at the same time by air masses originating from both Saharan and Middle 
Eastern deserts. However, during the years 2012 and 2015 in Cyprus and 2013 in 
Israel, the number of dust events originating from Middle Eastern deserts increased. 
On average, desert dust storms originating from North Africa and the Middle East 
were of higher intensity in Ayia Marina station, and those originating from the 
Sahara desert, in Beer Sheva station. Linear trends analysis showed that desert dust 
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Fig. 7 Frequency of dust provenance areas identified using MODIS AOD and HYSPLIT air mass 
trajectories for the dust deposition events recorded at five stations indicated by a star: (a) Le Casset, 
(b) Frioul, (c) Corsica, (d) Majorca, and (e) Lampedusa. (Reprinted from Fig.  6  in Vincent 
et al., 2016)

storms originating solely from Sahara or from both Saharan and Middle Eastern 
deserts in Cyprus, and from pure Saharan dust in Israel, decreased over years 
(Achilleos et al., 2020). From the analysis of long time series of dust falls, Ganor 
(1991) suggested also that North Africa is the main source of desert dust transported 
in Israel, while dust from sources in the Middle East is more typically transported 
to the Mediterranean in autumn (Dayan, 1986; Kubilay et al., 2000, 2005).
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Fig. 8 Ternary diagram showing abundances of quartz, illite (mica), and kaolinite in dust samples 
collected off the coast of Africa attributed to various regions of origin (shaded polygons) based on 
back-trajectory analyses. Also shown are values of dust samples collected in Barbados. Dashed 
lines correspond to various illite/kaolinite ratios (I/K). (Reprinted from Fig. 3.5 in Muhs et al., 2014)

5  Dust Composition as a Tracer of Source Regions

The intrinsic composition of emitted dust is linked to the composition of its parent 
soil through the physical emission processes. Tracers, as specific as possible and 
conservative throughout the dust cycle, have been sought in order to trace the dust 
back to its source area. Indeed, the location of the source regions controls the chem-
ical and mineralogical composition of dust particles (Bergametti et al., 1989; Lafon 
et  al., 2004; Moreno et  al., 2006). Mineral dust particles are dominated by clay 
minerals (illite, kaolinite, smectite, chlorite, etc.), calcium carbonates (calcite 
CaCO3, dolomite CaMgCO3), quartz, and feldspars (Ganor, 1991; Molinari, 1996; 
Caquineau et al., 1998; Falkovich et al., 2001). Iron oxides and gypsum (CaSO4) are 
also frequently observed in dust but in minor proportions (Glaccum & Prospero, 
1980; Lafon et al., 2004). Illite is the dominant clay mineral in dust emitted from the 
north and east Sahara, whereas kaolinite exhibits significant amounts in dust emit-
ted from southern and central Sahara (Avila et  al., 1997; Chiapello et  al., 1997; 
Caquineau et al., 1998) and is often dominant in Sahelian dust (Fig. 8).
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Dust emitted from the large sedimentary areas in the northern Sahara exhibits 
high carbonate contents (Löye-Pilot et al., 1986; Losno et al., 1991; Chiapello et al., 
1997; Avila & Rodà, 2002; Avila et  al., 2007). However, one of the problems 
addressed by chemical and mineralogical tracers is that the proportions of the vari-
ous minerals change during transport due to the deposition of the largest particles 
and/or chemical transformations. In fact, the consequence of deposition is generally 
an increase in the proportion of clay minerals (mainly located in the smallest part of 
the dust size distribution) and a decrease in quartz (generally associated with coarser 
grains). Chemical transformations occurring during transport affect the mineralogi-
cal mixture (Usher et al., 2003), like the transformation of calcium carbonates into 
fresh gypsum or calcium nitrates by reaction with acidic sulfur and nitrogen species 
in the moist atmosphere (Glaccum & Prospero, 1980; Yuan et  al., 2006; Gibson 
et al., 2006; see also the chapter by Becagli, (2022)).

Finally, radiogenic isotopes, especially Sr and Nd, the contents of which depend 
both on the lithology and on the age of the parent rocks from which dust is derived, 
have proved to be the most discriminating array of tracers, especially when used in 
conjunction with others (such as clay mineralogy) (Scheuvens et al., 2013 and refer-
ences therein; Table 1). Studies in the Mediterranean and in southeastern Europe 
showed that this approach could also be profitably applied to investigate dust prov-
enance in this region. The Nd isotopic composition has been particularly well docu-
mented. The 143Nd/144Nd ratio (often defined as ƐNd(0) = ((143Nd/144Nd/0.512638) − 
1) × 10,000 where 0.512638 is a standard reference ratio) has the advantage over the 
87Sr/86Sr ratio to be less affected by grain size (Goldstein et al., 1984; Grousset & 
Biscaye, 2005). The 87Sr/86Sr ratio is also highly sensitive to the calcium carbonate 
content, which generally bears a distinct isotopic composition (often seawater-like) 
from the silicate fraction of the dust, and may therefore, when not removed, obliter-
ate some of the provenance information.

Most of the 143Nd/144Nd and 87Sr/86Sr ratios for dust particles in the Mediterranean 
region roughly match the isotopic composition of Saharan dust (Grousset et  al., 
1998). Extensive mapping of the isotopic composition in North African potential 
source areas (Grousset et  al., 1992, 1998, 2003), combined with air-mass back- 
trajectories and Nd isotopes, in particular, has permitted locating the source areas of 
some dust events crossing the Mediterranean Sea with a relatively good precision. 

Table 1 Geographical regions of northern Africa with representative 87Sr/86Sr and ƐNd(0) values 
(Scheuvens et al., 2013 and references therein)

Source region 87Sr/86Sr ƐNd(0) (per 10,000)

Northern region (Morocco, Algeria) 0.717–0.727 −17.1 to −8.3
West (western Sahara, Mauritania) 0.720–0.738 −17.9 to −13.5
Senegal 0.715–0.737 −16.2 to −14.5
Tunisia 0.714 −9.5
Libya 0.715 −15.4 to −10.7
Egypt and northern Sudan 0.705–0.718 −11.0 to −3.9
Sub-Saharan (without Senegal) 0.715–0.724 −12.4 to −10.0
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Distinct contributing sources, in Mauritania and in Libya, for instance, have been 
identified (Grousset et al., 2003), substantiating independent evidence for varying 
sources and transport pathways (Bergametti et al., 1989; Bout-Roumazeilles et al., 
2007, and references therein).

6  Conclusion and Perspectives

The different perspectives considered in this chapter, both meteorological and geo-
chemical, whether based on observations or models, suggest in a convergent way 
that the entire Sahara, even its southernmost part, can contribute to the dust events 
observed in the Mediterranean basin. It seems that the northern sources, especially 
those located on the border of the Atlas Mountains, in Tunisia, Libya, and Egypt are 
probably the most frequent dust providers for the western and central Mediterranean. 
But, it is also probable that large-scale dust events, originating from well-known 
active dust sources like the Bodélé depression or the western Sahara, are responsible 
for the most intense dust transport events toward the Mediterranean basin. The 
Middle Eastern deserts also appear to be seasonal major sources of dust in the east-
ern Mediterranean basin. However, a more systematic identification of the source 
regions distinguishing between the most intense and the most frequent sources 
remains to be done. This should be assessed in a context of semi-arid area evolution 
under anthropogenic activities and climate change. The ongoing advancement of 
remote sensing techniques (e.g., high-resolution and high-frequency satellite imag-
ery) and to a lesser degree of meteorological data (e.g., model air-mass trajectories), 
combined with chemical and mineralogical approaches, provide invaluable tools for 
mineral dust source identification. Jointly used with isotopic techniques, this helps 
to pinpoint the provenance of the dust when it is deposited up to thousands of kilo-
meters from its desert source area in the Mediterranean region.
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Abstract In this chapter, we present the current knowledge of the anthropogenic 
emissions of major gaseous and particulate pollutants in the Mediterranean basin. 
Anthropogenic emissions affect air quality and/or climate through (i) direct emission 
of greenhouse gases (mainly carbon dioxide), (ii) emission of indirect greenhouse 
gases (precursors of tropospheric ozone or gases affecting the oxidative capacity of 
the atmosphere, such as nitrogen oxides (NOx), carbon monoxide (CO), and volatile 
organic compounds (VOC)), and (iii) emission of aerosols and their precursors 
(black carbon BC, organic carbon OC, sulfur compounds, NOx, VOC, and ammo-
nia). Here we tackle reactive gases and PM2.5 on two levels: the first focuses on the 
entire Mediterranean basin and the second on urban areas distributed along its sur-
roundings where human-made activities concentrate. At the basin level, the emission 
intensities along with their spatial and temporal variabilities per major sector are 
discussed. In addition, different perspectives are presented: past and future evolu-
tions, West vs. East basin, and basin vs. global. This discussion relies mostly on 
global emission inventories downscaled to the basin. At the urban level, we empha-
size on the way recent observations collected in the frame of ChArMEx (like the 
TRANSEMED initiative in the eastern Mediterranean basin) have provided relevant 
constraints to disentangle anthropogenic emissions and to evaluate the uncertainties 
in emission inventories.

1  Anthropogenic Emissions at the Scale 
of the Mediterranean Basin: Intensity and Variability

Identifying emission sources and quantifying their releases are essential steps in the 
understanding of atmospheric processes and environmental management. Various 
types of anthropogenic emission inventories exist with different spatial domains 
around the world that provide crucial information to modelling and observational 
systems. However, no specific inventory was developed for the Mediterranean 
region which benefits at present from the global inventories or the regional invento-
ries like EMEP to access gridded emissions. The European part of the Mediterranean 
has its own local gridded emissions which are reported to European agencies like 
the European Environment Agency. But even European emissions are still a chal-
lenge when comparing different European inventories of urban areas (Trombetti 
et al., 2018) or countries (e.g., Cyprus: Kushta et al., 2018). It is also worth noting 
that some of the non-European countries of the basin have developed local emission 
inventories at national levels (e.g., Waked et al., 2012 for Lebanon) which are being 
updated (e.g., Lebanon) and developed at an institutional level for other countries 
(e.g., Egypt and Turkey). These local inventories in the non-European countries are 
of high importance since regulations are less enforced and technical practices exist 
(Waked et al., 2012). The implementation of these emission datasets in global and 
regional inventories where possible is a crucial step toward regional policy making 
at the basin level involving EU and non-EU countries. The uncertainty analysis and 
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objective assessment are considerable challenges for the development of these 
inventories. This chapter focuses on emissions of Particulate matter 2,5 µm or less 
(PM2.5) and reactive gases, when the following one considers the particular case of 
ultrafine particle emissions (Junkermann, 2022).

1.1  Emission Inventories

The GEIA initiative through its ECCAD portal provides access to different emis-
sion inventories for several concerned pollutants, time spans, and covered domains, 
along with different resolutions but also sectors (ECCAD Database; https://eccad3.
sedoo.fr/). Some of these inventories are presented hereafter.

The ACCMIP inventory was developed in support of the fifth IPCC-AR5 
(Intergovernmental Panel for Climate Change – Assessment Report 5; Lamarque 
et al., 2010), together with the global emission projections of the Representative 
Concentration Pathways (RCP; van Vuuren et al., 2011). ACCMIP covers the period 
1850–2000 including biomass burning. The RCP projections of future emissions are 
based on four selected scenarios. The RCP are named according to their 2100 radia-
tive forcing level, i.e., RCP 8.5 corresponds to a radiative forcing of 8.5 W m−2 in 
2100. As part of MACC and CityZen EU projects, the ACCMIP and the RCP 8.5 
emissions datasets have been interpolated on a yearly basis for the period 1960–2020 
for the anthropogenic emissions to form the MACCity anthropogenic inventory for 
each sector and each year between 1960 and 2020. For the IPCC’s sixth Coupled 
Model Intercomparison Project phase 6 (CMIP6, Eyring et al., 2016), the Shared 
Socioeconomic Pathways (SSPs) global scenarios were developed and describe 
how the future emissions might evolve according to socioeconomic development, 
demographics, and technological advances within the context of climate change 
mitigation and adaptation throughout the twenty-first century (Riahi et al., 2017). 
There are five main scenarios, each representing a different pathway. For example, 
SSP2 presents the “Middle of the Road (Medium challenges to mitigation and adap-
tation),” while SSP5 presents the “Fossil-fuelled Development  – Taking the 
Highway (High challenges to mitigation, low challenges to adaptation)” pathway. 
These SSP can be combined with a radiative forcing from the RCP, like 4.5 W m−2 
which gives SSP245 for the SSP2 or an 8.5  W  m−2 combined with SSP5 to 
give SSP585.

The European Joint Research Centre in collaboration with the Netherlands 
Environmental Assessment Agency developed the Emissions Database for Global 
Atmospheric Research (EDGAR) from 1970 until 2015, based on public available 
activity data and proxies for greenhouse and non-greenhouse gases and particles 
(Crippa et al., 2018). In its updates, it relies on several aspects from other guidance/
inventories like the technology-based emission factors and end-of-pipe reductions, 
which followed the recommendations of the European Monitoring and Evaluation 
Programme (EMEP)/European Environment Agency (EEA) air pollutant emission 
inventory guidebook (EMEP/EEA, 2013), the HTAP_v2 dataset 
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(Janssens- Maenhout et al., 2015), and the PEGASOS study (Crippa et al., 2016). 
The Task Force on Hemispheric Transport of Air Pollution (HTAP) was established 
by the UNECE Convention on Long-Range Transboundary Air Pollution (LRTAP 
Convention). HTAP_v2 is a compilation of grid maps from officially reported data-
sets (from the United States Environmental Protection Agency, European Monitoring 
and Evaluation Programme (EMEP), etc.). Efforts were made to combine EDGAR 
and HTAP in the European Union. In addition to that, the EMEP has developed a 
European emission inventory over a domain including Europe and some of its adja-
cent countries. On the other hand, the European Copernicus Atmosphere Monitoring 
Service (CAMS) developed a historical global emission inventory for the years 
2000–2020 based on EDGAR (version 4.3.2) and the Community Emissions Data 
System (CEDS) inventories (Elguindi et al., 2020). The CAMS inventory is used as 
input data in the air quality CAMS global model.

One of the well-known global emission inventories is the Evaluating of the 
CLimate and Air Quality ImPacts of Short-livEd pollutants (ECLIPSE) emission 
dataset used with the Greenhouse Gas and Air Pollution Interactions and Synergies 
(GAINS) model. It assesses the different emission abatement techniques and their 
cost-effectiveness with the base years of 2005 and 2010 and project emissions until 
2050 (Höglund-Isaksson, 2012; Klimont et al., 2013). The model relies on interna-
tional and national statistics of activity data. It considers two scenarios: a baseline 
scenario 2005–2050 (current legislation – CLE) and a maximum technically feasi-
ble reduction scenario for 2030 and 2050 (MTFR).

Other inventories are more specific like the Global Fire Assimilation System 
(GFAS), which focuses on biomass burning emissions by assimilating the Fire 
Radiative Power (FRP) observations from the MODIS instruments onboard the 
Terra and Aqua satellites (Kaiser et al., 2012). It takes into account the land cover 
type with a resolution of 0.1° × 0.1° from 2003 until the present day.

1.2  The Regional Mediterranean Emissions

With a population of around 500 million inhabitants, the Mediterranean region 
accounts for about 7% of the total world inhabitants. The emissions from 22 
Mediterranean countries (namely, Albania, Algeria, Bosnia and Herzegovina, 
Croatia, Cyprus, Egypt, France, Gibraltar, Greece, Israel, Italy, Lebanon, Libya, 
Malta, Monaco, Morocco, Palestine, Slovenia, Spain, Syria, Tunisia, Turkey) 
reported by the emission inventories described above have been extracted from the 
ECCAD portal. The countries have been grouped in four different regions (Fig. 1), 
and the emissions of all anthropogenic sectors have been summed and are reported 
for trace gases and PM2.5 in Fig. 2. The data on targeted sectors and pollutants were 
selected and extracted solely from ECCAD, whenever inventories encompass the 
entire Mediterranean basin. Figure 2 covers the future years for targeted sectors and 
pollutants when available, whereas for the past years the data selection was made in 
a way not to duplicately use inventories with common databases (e.g., ACCMIP and 
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Fig. 1 Considered subdivisions of the Mediterranean countries

MACCity). The objective is to assess the trend in emissions while looking at dis-
crepancies between the selected inventories.

 Trends in Anthropogenic Emissions

The different inventories generally agree on the decrease of gaseous emissions in 
the Mediterranean basin in the twenty-first century after reaching a maximum in the 
1990s (Fig.  2a–l), whereas PM2.5 increased slightly from the last century with a 
slight downward decrease after the year 2000 (Fig. 2m–o).

NOx emissions from the entire basin increased from the 1850s to the year 2000 
from 0.16 Tg to 5.14 Tg as per the ACCMIP inventory (Fig. 2d). A decrease is then 
calculated by the CAMS inventory in line with ECLIPSE-CLE (indicated as 
ECLIPSE in the rest of the text) and the SSP245 and SSP585 in general till 2020. 
However, the discrepancy between these inventories, excluding ECLIPSE, is in the 
range of 20–35% which is acceptable. ECLIPSE on the other hand shows emissions 
higher by 50–60%. At the beginning of the twenty-first century, the Mediterranean 
basin contributed by around 8% of the global nitrogen oxides  (NOx) emissions, 
while this contribution is decreasing over time to almost 5% in 2019. According to 
the SSP245 and SSP585, emissions are expected to reach values of 2 and 3.5 Tg in 
2100, respectively, equivalent to 1960–1975 emissions.

The same trend is depicted for Non-Methan Hydrocarbons (NMHC)(Fig. 2g) 
with a maximum in the 1990–2000 period (10 Tg) followed by a decrease. The 
contribution to worldwide emissions from the beginning of the century accounts for 
around 6.5% with lower values of around 3.5–4% in 2019. The discrepancy between 
inventories is lower than for NOx, including ECLIPSE, with values below 20%. At 
the end of this century, emissions based on SSP245 and SSP585 are predicted to be 
in the range of 1950–1965 emissions.

After a maximum in the 1980s, both CAMS and MACCity show a downward 
trend for Sulfur Dioxide (SO2) (Fig.  2j) in the twenty-first century with a value 
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Fig. 2 Past and future emissions (1850–2100) of reactive trace gases and PM2.5 in the Mediterranean 
basin. (Data extracted from selected emission inventories from the ECCAD database; https://
eccad3.sedoo.fr/)

ranging from around 3.5–5 Tg year−1 in 2020. The contribution to worldwide emis-
sions accounted for 7%, while it has now been reduced to 3% (2020).

EDGAR inventory shows that PM2.5 emissions increased slightly from the mid of 
the last century until 2012 with values ranging from 0.50 to 0.65 Tg year−1 over the 
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basin (Fig. 2m). ECLIPSE shows emissions threefold higher than EDGAR for the 
common period of 2005–2010 with a decrease expected of 10–15% by the mid- 
twenty- first century compared to the 2005–2010 period.

 Comparing Western-Eastern Basins and Northern-Southern Basins

The emissions of NOx (Fig. 2e), NMHC (Fig. 2h), and PM2.5 (Fig. 2n) of the western 
countries of the Mediterranean exhibit higher values than those of the eastern part 
with values of 20–30% higher in 2000 (ACCMIP for NOx non methane volatile 
organic compounds (NMVOC) and EDGAR for PM2.5). NOx and NMVOC were 
increasing historically from 1850 until they began decreasing between 1980 and 
2000 on the entire basin. However, PM2.5 emissions began decreasing in the western 
countries of the basin around 1990, while the eastern part had continuous increasing 
emissions exceeding those of the western part around 2008. Western NOx and 
NMVOC emissions declined after 2000 significantly compared to the East. Lelieveld 
et  al. (2015a) processed NO2 column from the satellite instrument Dutch OMI 
(DOMINO v2) between 2005 and 2014 over the eastern Mediterranean and the 
Middle East. They show that the combination of political factors, including eco-
nomic crisis and armed conflict, has changed significantly the NOx emissions in the 
region where some countries exhibit increases in emissions like Lebanon due to 
mass displacements from Syria where armed conflicts caused the decrease of NOx 
emissions as also suggested by Georgoulias et al. (2019). The authors also add that 
such short-term changes cannot be captured by inventories and future projections. 
All future scenarios, namely, SSP245, SSP585, and ECLIPSE, exhibit a decrease in 
the NOx and NMVOC emissions for both parts of the basin: NMVOCs will reach 
values similar to those of 1960 between 1.5 and 3 Tg year−1 with the western part 
always emitting higher quantities, while NOx decrease will achieve values between 
those of 1960 and 1970 of 1–2 Tg year−1. However, ECLIPSE shows that the eastern 
part will have an increase of NOx emissions reaching a historical high value of 4 Tg 
year−1. PM2.5 emissions are expected to increase very slightly from 2010 to 2050 in 
the eastern part while decreasing by around 25% in the western part and reaching 
around 0.6 Tg year−1, according to ECLIPSE.

On the other hand, NOx and NMVOC from both ACCMIP and CAMS were both 
released in higher quantities from the northern countries of the basin until the year 
2000 for NOx and the year 1980 for NMVOC after which the emissions of both 
pollutants begin declining, while the southern countries exhibit a continual increase 
until present. SSPs show decrease of NOx emissions from both northern and south-
ern countries, while ECLIPSE shows a continual increase for southern countries 
with a tipping point in trend from decrease to increase starting in 2030 for northern 
countries. As for NMVOC future emissions, all inventories show decreasing trends 
for the entire basin with emissions below 2 Tg year−1 for each of the northern and 
southern parts of the basin by 2100 except for the northern countries in the SSP585 
which shows an increase all over the century reaching a fairly constant value of 3.32 
Tg year−1 by the end of the twenty-first century. ECLIPSE shows that PM2.5 
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emissions decline in both parts, the northern and the southern, reaching around 1 
and 0.6 Tg year−1 in 2050, respectively.

Western Mediterranean countries exhibit a decrease in SO2 emissions (Fig. 2k), 
while the eastern part shows decreasing values in CAMS while steady values of 3 
Tg year−1 in MACCity. On the other hand, northern countries present in both inven-
tories lower emissions trends, while the southern countries show a slowly decreas-
ing trend for CAMS in contrast to MACCity where the trend is slightly upward. 
SSPs both show a decrease of SO2 emissions in western, eastern, northern, and 
southern parts of the basin, while ECLIPSE shows an increase in these parts in 2050 
compared to 2030.

 The Road Transport Sector

The road transport is one important anthropogenic emission sector for gases like 
NOx, COV, and Carbon monoxide (CO). For instance, in CAMS, road transport 
accounts for 45% of NOx Mediterranean emissions on average over the last two 
decades. While it accounted for one third of NMVOC emissions in 2000, road trans-
port still release 20% of NMVOC in 2020. EDGAR shows that NOx, NMVOC, and 
PM2.5 total emissions increased with time until the mid-1990s and declined after-
ward. Comparing the western/eastern and northern/southern countries reveals that 
European countries emit more quantities of pollutants for this sector. Because they 
are applying stricter regulations over time, they drive the emissions trend over the 
basin. This was true until the period of 2000–2010 where the main emitter is no 
longer the European countries, but the non-European countries. On the other hand, 
the eastern and southern countries have a continuous increasing trend for the pollut-
ants except for NMVOC, and this is mainly due to Libya whose emissions have 
more than tripled from 2000 until 2019 based on CAMS values.

Through the gridded emission inventory established for Lebanon using a bottom-
 up approach, Waked et al. (2012) showed that the road transportation sector drives 
the CO, NOx, and NMVOC emissions, in Lebanon. This is also the case in Istanbul 
(Markakis et al., 2012; Kara et al., 2014). Waked and Afif (2012) compared road 
transport emissions in the Middle East which includes the East Mediterranean and 
showed that emissions per capita are linearly related to GDP. Moreover, in their 
comparison of different touristic cities in the Mediterranean, namely, Barcelona, 
Athens, and Beirut, they highlight the heterogeneity of trends and emission inten-
sity despite several common factors. In addition to that, Waked and Afif (2012) 
show that local traditions and conditions (e.g., removal of catalyst, level of law 
enforcement, etc.) are an important factor to take into consideration in the basin.

 The Maritime Sector

The Mediterranean Sea is an important path along the world network of maritime 
shipping especially with the Suez Canal. Johansson et al. (2017) indicate that the 
Mediterranean Sea is responsible for almost 4% of the total maritime emissions 
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with higher emissions in the eastern part than the western part. CAMS emissions of 
NOx and NMVOC show a similar trend whether on the entire basin or western/
eastern or even northern/southern parts with a slight increase until 2010 followed by 
a slight decrease until present. The maritime sector in the Mediterranean Sea con-
tributes to around 2% of total basin anthropogenic NOx emissions in the last two 
decades and around 1% of NMVOC emissions, according to CAMS.  However, 
PM2.5 emissions from EDGAR show an increase from the 1990s until 2010, like for 
CAMS, and a decline after 2010. On the other hand, SSP NOx emissions are higher 
than CAMS for the 2015–2020 period by a factor of 4–5 and show a decrease by 
30–50% until the end of the century reaching 0.2–0.35 Tg year−1 depending on the 
SSP. However, the NMVOC emissions exhibit a decrease until 2040 followed by an 
increase until the end of the century. SO2 emission from shipping in the Mediterranean 
Sea contributes to 0.07% of total SO2 emissions worldwide, while it contributes to 
around 2% of the total Mediterranean emissions in 2020 according to CAMS which 
is equivalent at present to road transport emissions. Historically, emissions were 
higher, reaching around 0.25 Tg year−1 in 2005–2010 according to MACCity, while 
they reached almost 0.09 Tg year−1 around 2014–2015 according to CAMS and 
dropped significantly after that following EU regulations on the sulfur content of 
marine diesel. SSP future scenarios exhibit a further decrease in SO2 emissions, 
while the northern countries will still dominate these releases into the air. Shipping 
also appears to be an important source of ultrafine particles and CCN in the 
Mediterranean, as documented in the following chapter (Junkermann, 2022).

 The Biomass Burning

Biomass burning is occurring at a higher frequency and more intensively in the last 
years in the Mediterranean basin. ACCMIP shows an increase in the years 
1990–2000 for NOx and NMVOC emissions reaching 0.03 and 0.16 Tg year−1, 
respectively, with a contribution to total emissions of 1–2% for both pollutants 
while keeping these steady emissions over the century as per the RCP8.5. On the 
other hand, GFAS show values at the beginning of the twenty-first century higher by 
a factor of almost 9 and 4 for NOx and NMVOC, respectively, when compared to 
RCP8.5. PM2.5 emissions from GFAS show a very slight decrease on a yearly aver-
age from 2003 till 2016 where the value reaches 0.78 Tg year−1. When looking more 
in depth, the Western Mediterranean countries dominate the emissions, and even 
when North/South comparison is conducted, South dominates according to GFAS 
for all pollutants.

Finally, emission inventories usually show consistent trends with discrepancies 
generally not exceeding 40%. However, different patterns are depicted between 
western, eastern, northern, and southern basins. For the latter, the emissions are 
expected to increase in the future. The general good consistency between emission 
inventories does not prevent from an evaluation of their uncertainties, an essential 
task in policy making.
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2  Anthropogenic Emissions at Urban Scale

2.1  Past Studies in the Mediterranean Basin Prior 
to ChArMEx

Historically, identifying the activity sources and the areas contributing to pollutant 
concentration has been a fundamental task to design and implement effective abate-
ment strategies and air quality plans. Dense urban areas along the Mediterranean 
border experiencing high air pollution loads like Barcelona (North-East Iberia), 
Marseille (southern France), and Athens (Greece) have been some of the first tar-
gets. All these coastal cities have in common a complex mixture of sources due to 
the presence of industries and port activities in addition to traffic and a complex 
orographic terrain favoring air pollution events. The first emission model developed 
in Barcelona in the early 1990s attributed one third of the emissions of NOx, CO, 
SO2, VOC, and particles to industrial activities against 50% for traffic (Costa & 
Baldasano, 1996). At that time, the primary concern was photochemical smog by 
the implementation of regional chemical transport models (CTM) for which emis-
sions needed to be documented. These models investigated the interplay between 
ozone transport dynamics and chemistry in meteorology-controlled areas due to 
orography and land-sea alternate breeze regime (Menut et  al., 2005). The 
ESCOMPTE program (Cros et al., 2004) conducted in summer 2001 in the Marseille 
area is emblematic of those concerns. ESCOMPTE was designed to closely evaluate 
and improve CTM at the regional scale. A bottom-up emission inventory was built 
at 1 km resolution, and physical and chemical measurements of ozone precursors 
were performed. Ten years later, the various VOC observations collected during the 
ESCOMPTE campaigns were used to evaluate the VOC emission inventory (Coll 
et al., 2010). In Athens, some measurements of VOC ozone precursors have been 
extensively reported since 1993 but with no attempt in the allocation of their sources 
(Moschonas & Glavas, 1996; Rappenglück et  al., 1998, 1999; Moschonas et  al., 
2001; Petrakis et al., 2003, 2008; Giakoumi et al., 2009). The reasons were: (i) the 
studies were conducted mainly during warm months, with often short sampling 
durations and data acquisition, and (ii) a reduced spectrum of VOC measured with 
lighter VOC (from 2 to 3 atoms of carbon) was rarely monitored. Indeed, observa-
tions are an alternative to the non-effectiveness of the traditional approach by dis-
persion modeling. Source apportionment based on field observations was made 
possible by the development of receptor models and the continuous improvement of 
analytical technologies that refined the temporal scale of observations and our 
capacities in quantifying the chemical composition of key atmospheric components. 
The development of online techniques like online gas chromatography with flame- 
ionization detection (GC-FID) and high-resolution mass spectrometers like Proton- 
Transfer Reaction Mass Spectrometry  (PTR-MS) or Aerosol Mass Spectrometry 
(AMS) represented a technological leap by increasing the number of collected data 
and their representativity, a prerequisite for the application of source-receptor mod-
els. Among receptor models, the massive use of the Positive Matrix Factorization 

A. Borbon et al.



89

model (PMF) started in the late 2000s (Karagulian & Belis, 2012). Receptor models 
are mostly used for source contribution estimation at local and regional level. They 
apportion the measured mass of an atmospheric pollutant at a given site to its emis-
sion sources by assuming mass conservation between sources and receptor (Hopke, 
2016). While Spanish groups had reported the first source apportionment studies on 
VOCs for the city of Martorell 20 km NW of Barcelona (Baldasano et al., 1998) and 
particulate matter (PM) (Querol et  al., 2001), numerous studies were conducted 
from 2010 toward the understanding of the origin of the primary and secondary 
fractions of submicronic PM (Karanasiou et al., 2009; El Haddad et al., 2011; Mohr 
et  al., 2012; Alier et  al., 2013). This kind of source apportionment study is also 
reported in the eastern Mediterranean basin for the cities of Antalya (Öztürk et al., 
2012), Istanbul (Koçak et al., 2011), Cairo (Abu-Allaban et al., 2007), and Beirut 
(Waked et al., 2013). In parallel to those studies, more recent programs have been 
implemented with usually a focus on PM rather than gaseous precursors: DAURE 
(Determination of the Sources of Atmospheric Aerosols in Urban and Rural 
Environments in the Western Mediterranean) (Pandolfi et  al., 2014), APICE 
(Common Mediterranean strategy and local practical Actions for the mitigation of 
Port, Industries and Cities Emissions) for estimating the impact of harbor emissions 
of PM10 and PM2.5 (Pérez et al., 2016), and CITIZEN (Kanakidou et al., 2011 and 
reference therein) on the effects of megacities and hot spot emissions on their local, 
regional, and global environment. In CITIZEN, the East Mediterranean was one of 
the regions of interest with the Great Athens area, Istanbul, and Cairo as targets 
from the emission inventory effort.

2.2  The TRANSEMED Initiative in the Eastern Mediterranean

 Context

The eastern Mediterranean basin (EMB) is a highly sensitive environment under 
considerable anthropogenic pressures (see the other book chapter by Doussin, 
2023). With rapidly growing populations, the EMB may be one of the most popu-
lous areas on Earth to suffer severe impacts of climate change, with continuous and 
gradual warming in the region (see the other book chapter by Giorgi & Raffaele, 
2023), much stronger than in other regions. In this region, both ozone, in summer, 
and particulate limit values are often exceeded (Afif et al., 2009; Kanakidou et al., 
2011; Massoud et al., 2011). Given that the population of these regions will con-
tinue to grow, this will contribute to the increase and accumulation of anthropogenic 
emissions of gaseous and particulate pollutants from surrounding urban areas, as 
well as of photochemical air pollution in a climate change context. EMB includes 
two large megacities, Istanbul (13.8 million inhabitants) and Cairo (16 million 
inhabitants), which experience extremely high levels of pollution (Kanakidou et al., 
2011). Waked and Afif (2012) showed that the emissions of NOx and CO rapidly 
increased by a factor of 1.5 and 2.8, respectively, in the countries of the EMB 
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between 2000 and 2005 as a result of the increase in fuel consumption. They also 
found that the road transport sector in the EMB is a significant contributor to the 
global emissions of CO and NOx as road transport in Western Europe and North 
America. According to Salameh et al. (2017) and based on the 2015 ECCAD data-
base (http://eccad.sedoo.fr), NMVOC emissions have been constantly increasing in 
the Middle Eastern region (MEA) over the last 30  years, while they have been 
strongly decreasing in the USA and Europe. All inventories suggest that NMVOC 
emissions from the MEA region are as significant as or even higher than the ones 
from post-industrialized regions. Considering that no source regions clearly domi-
nate global anthropogenic emissions, an accurate representation of anthropogenic 
emissions is of importance  in developing regions like the MEA where highest 
uncertainties are expected (Salameh et al., 2017). A recent study of Lelieveld et al. 
(2015b) estimated the number of premature deaths due to ozone and PM2.5 in 
Istanbul at 5600 in 2010, to increase to 8500 in 2025, and to 13,200 in 2050. This 
work was based on a global atmospheric chemistry model, which in particular does 
not take into account the urban heterogeneity. Consequently, it is crucial to better 
characterize the sources and their composition at a finer scale, which are fundamen-
tal input data of the model used.

On the basis of these findings, TRANSEMED (TRANSport Emissions and 
Mitigation in the East meDiterranean) initiative was established in 2010. The over-
all objective of TRANSEMED is to assess the state of atmospheric anthropogenic 
pollution at EMB representative urban scales at present and for the next decades and 
create region-specific mitigation scenarios in a changing climate, through (i) assess-
ing urban atmospheric composition and emission source identification and contri-
bution and (ii) evaluation of anthropogenic emission inventories. Target urban areas 
are Beirut (Lebanon, Middle East), Athens (Greece, Europe), and Istanbul and Cairo 
megacities.

 Source-apportionment Methodology Based on Ambient 
and Near-Source Measurements

The strategy of TRANSEMED is based on the implementation of dedicated obser-
vation campaigns in order to assess the spatiotemporal variability of the emissions. 
Here, we focus on two of the urban areas of interest: Beirut in 2011 and Istanbul in 
2014. The observations combined both continuous ambient measurements at one 
suburban site, with a very high temporal resolution, for a year-round monitoring or 
intensive field campaigns and near-field measurements in the vicinity of specific 
sources. The ambient measurements include air quality parameters (nitrogen mon-
oxide (NO), nitrogen dioxide (NO2), nitrogen oxides (NOx), ozone (O3), carbon 
monoxide (CO)), a detailed analysis of the organic fraction composition in gas and 
particulate phases (NMVOC measured by GC-FID, PTR-MS, sorbent tubes), pri-
mary and secondary organic aerosol tracers, polycyclic aromatic hydrocarbons 
(PAH), elemental carbon (EC), organic carbon (OC), trace metals, ions, meteoro-
logical parameters, and NO2 photolysis frequency. In parallel, for near-field 
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measurements, offline devices (sorbent tubes and canisters) were deployed to ana-
lyze the NMVOC composition in the vicinity of some targeted sources. We combine 
the collected observations and complementary source apportionment  approaches 
(urban enhancement emission ratios, emission source profiles determined by near-
field measurements, multivariate receptor model like PMF) (Paatero & Tapper, 
1994; Paatero, 1997) for NMVOC source identification and contribution. Over the 
past years, a very detailed database of ambient and near-field source observations 
has been built up especially regarding the composition of gaseous organic carbon.

In Lebanon, a developing country located in the Middle East on the eastern shore 
of the Mediterranean Sea, available information and data on air quality were limited 
to only a few pollutants, excluding NMVOCs. Within the TRANSEMED-ECOCEM 
framework, the experimental strategy included near-field measurements close to 
major emission sources and two intensive field campaigns (July 2–18, 2011, and 
Jan. 28–Feb. 12, 2012). A set of eight speciated profiles of four major NMHC 
sources in Lebanon, including road transport, gasoline vapor, power generation, and 
solvent use sources, were proposed by Salameh et al. (2014). During intensive field 
campaigns, the measurements were taken on the roof of the Faculty of Sciences 
building of Saint Joseph University (33°87′N, 35°56′E), located in the eastern sub-
urbs of the city of Beirut (6 km south-east of Beirut downtown) at an altitude of 
230 m above sea level. The site is appropriately located in order to receive air masses 
coming from the Greater Beirut Area, which includes the city of Beirut and close 
suburbs. Over 70 compounds of C2-C9 NMHCs, including alkanes, alkenes, alkynes, 
and aromatics, were continuously analyzed (Salameh et  al., 2014, 2015). The 
NMHC total emissions in Lebanon were estimated to be 115 Gg for the year 2010 
by the National Emissions Inventory established by Waked et al. (2012). According 
to this inventory, transport is the main source of NMHC with a relative contribution 
of 67% of total emissions. Moreover, there is no direct speciation information for 
NMHC emissions in this inventory.

The city of Istanbul is located between Europe and Asia and is characterized by 
Mediterranean, humid subtropical, and oceanic climates. The meteorological condi-
tions in Istanbul (warm-dry summers and cold-wet winters) are driven by the heat 
gradient produced by both the Black Sea in the north and the Marmara Sea in the 
south. The wind direction in the city is mainly northeast. According to Markakis 
et  al. (2012), road transport is the most dominant emission source of NMHCs 
(44.8%) followed by solvent use (29.7%) and activities linked to waste treatment 
and disposal (20.3%). Within TRANSEMED-Istanbul, the experimental strategy 
included one intensive field campaign from September 14 to 30 in 2014 and some 
near-field measurements close to major emission sources (one residential area, one 
roadside site, and two seashore sites) (Thera et al., 2019). The supersite studied in 
the case of Istanbul was located along the Barbaros Boulevard in the district of 
Besiktas, on the European shore of the Bosporus strait (4 Km away from the 
Haydarpasa Port) (41°02′33″N, 29°00′26″E). Barbaros Boulevard is characterized 
by high traffic density. The sampling site was also 500 m away from the Besiktas 
shore and was surrounded by Pinus (terpene emitters) which represents the maxi-
mum overall vegetation in Istanbul and Quercus (isoprene emitter). More than 70 
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species including non-methane hydrocarbons, oxygenated VOCs, and organic com-
pounds of intermediate volatility have been quantified by GC-FID and PTR-MS 
techniques.

 Source Apportionment of Anthropogenic VOC Emission Contribution 
Comparison of Source Apportionment of VOCs

The PMF model has been applied to the datasets collected at the two sites (Beirut, 
with 59 NMHCs from C2 to C9 in summer 2011 and winter 2012; Istanbul, with 23 
NMHC and oxygenated VOC in September 2014). The results are reported in Fig. 3. 
Beirut’s PMF results show several common factors in winter and summer, but their 
relative contribution was slightly different. The contribution of traffic-related 
sources dominates in Beirut. It includes the combustion and the gasoline evapora-
tion accounting for 51% in winter and 74% in summer (Salameh et al., 2016). If we 
consider the gasoline evaporation sources (episodic and related to traffic) in Beirut, 
we obtain a significant contribution of 43% in winter and 46% in summer reflecting 
the importance of gasoline evaporation in Beirut. Additional factors were found in 
winter but absent in summer, for instance, gas leakage due to the use of liquefied 
petroleum gas (LPG) in residential heating. On the opposite, in Istanbul, the traffic, 
including exhaust and fuel evaporation, only contributes to 16% of the NMVOC 
concentrations, whereas natural gas evaporation contributes to 26% of the NMVOC 
concentrations (Thera et al., 2019). Other factors as sources resolved by the model 

Fig. 3 Relative contribution of sources-PMF factors to NMVOC measured concentrations in 
Beirut, winter and summer, and Istanbul. (Reprinted from Salameh et  al. (2016) and Thera 
et al. (2019))

A. Borbon et al.
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were toluene (14.2%), biogenic terpenes (7.8%), and a last factor characterized by 
mixed regional emissions (36.3% and composed of most of the species) (Thera 
et al., 2019).

2.3  Observations as Relevant Constraints to Evaluate 
Emission Inventories: VOCs as Target Compounds

 Methodology: Emission Ratios Derived from Direct Observations 
and PMF Factors

Emission inventories usually combine bottom-up and top-down calculations to esti-
mate emissions. Comprehensive bottom-up calculations aggregate multiple local 
statistics on different emission source categories where possible. Top-down calcula-
tions use regional or national activity data and reallocate emissions to a finer scale 
using spatial surrogates (e.g., population statistics at the local level). Therefore, the 
uncertainties of numerous data sources are cumulated in the overall estimation of 
emission amounts and along increasing scales (local to regional to global). In gen-
eral, the global inventories do not describe the methodologies applied nor the data 
used (emission factors, NMVOC species considered, etc.). Following these 
approaches, some highly resolved inventories have been developed at the regional 
scale in the EMB area for Beirut (Waked et al., 2012) and Istanbul (Markakis et al., 
2012), but their uncertainties are unknown, and speciation of NMVOC is usually 
disregarded.

 Evaluation of Emissions Based on Observations and PMF Results 
and National and Global Emission Inventories

The objective of this section is to estimate NMVOC emissions from anthropogenic 
sources with focus on the road transport sector from PMF results and NMVOC and 
CO observations and to compare these values to the ones derived from the various 
emission inventories described above, MACCity (Granier et  al., 2011) for 2014, 
EDGAR (Crippa et al., 2018) for 2012, and ACCMIP (Lamarque et al., 2010) for 
2000, at a spatial resolution of 0.5° downscaled to Beirut and Istanbul, following 
Eq. 1 (Salameh et al., 2016; Thera et al., 2019):

 

NMVOC ratio
NMVOC

COestimated
allobservations PMFRoad tr

� �
�
�

�
�
�

, aansport factor
inventoryCO�

 (1)

with:

• NMVOCestimated: the estimated emission for an individual NMVOC or a group of 
NMVOC in tons/year for all anthropogenic emissions or road transport emissions
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• COinventory: the extracted emission of CO from either ACCMIP (Tg year−1), 
MACCity (Tg year−1), EDGAR (tons year−1), or the National Emissions Inventory 
(NEI) for Beirut (Waked & Afif, 2012; Waked et al., 2012)

• NMVOC/CO: the NMVOC-to-CO emission ratio determined by Thera et al. (2019) 
for Istanbul or from each NMVOC contribution in the PMF road transport factor

The comparison of the PMF results to the NEI for Lebanon as well as for Beirut 
and its suburbs suggests that the inventory underestimates the road transport emis-
sions in a reasonable way (20–39%; Fig. 4a), whereas the comparison of the PMF 
results to the global emission inventories (ACCMIP, EDGARv4.2) shows 

Fig. 4 Comparison of anthropogenic emissions derived from observations and PMF to emission 
inventories in Beirut and Lebanon: (a) total NMHC; (b) ethylene. (Reproduced from Fig.  12 
Salameh et al. (2016))

A. Borbon et al.
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significant differences reaching a factor of 10 (Fig. 4b; Salameh et al., 2016). This 
comparison reveals that global and national inventories are not consistent between 
each other. For a more detailed evaluation, we compared the emissions of ethylene, 
obtained by the PMF results according to Eq. 1 (with NMHC representing ethylene) 
to the emissions from a speciated inventory having a monthly temporal resolution, 
over the same period, called MACCity (Granier et al., 2011). The difference between 
MACCity and the PMF results is by a factor of 6.

In Istanbul, the total annual NMVOC anthropogenic emissions by global invento-
ries are usually either within the same range by a factor of 2–3 for alkanes and aromat-
ics or largely underestimated especially for oxygenated compounds (Fig. 5a; Thera 

Fig. 5 Comparison of speciated NMVOC emissions (VOC excluding methane)  derived from 
observations and PMF to emission inventories for (a) the road transport sector and (b) all anthro-
pogenic sectors. (Reprinted from Fig. 11 in Thera et al. (2019))
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et al., 2019). The evaluation of the road transport emissions is limited to the com-
pounds from the unburned fuel fraction, and there is again an underestimation by the 
emission inventories (up to 12 times) except for benzene (Fig. 5b; Thera et al., 2019).

 Evaluation of the Speciation of Global Emission Inventories Downscaled 
to Beirut

In situ observations are therefore necessary constraints for the development of reliable 
emission inventories. Urban emission ratios of various NMVOCs relative to a tracer of 
incomplete combustion (CO, acetylene) or relative to another NMVOC to each of the 
other NMVOC have been used as high-quality field constraints to evaluate regional 
emission inventories in cities of post-industrialized countries (Warneke et al., 2007; Coll 
et al., 2010; Borbon et al., 2013). In order to evaluate global NMVOC speciated emis-
sion inventories, in the absence of regional emission inventories for EMB, the observa-
tions collected in Beirut including detailed near-source field measurements and ambient 
measurements at a suburban site were used (Salameh et al., 2017). We used speciated 
regional (EMEP) and global (ACCMIP shown here and MACCity) emission inventories 
downscaled to Lebanon as well at a spatial resolution of 0.5° (Salameh et al., 2017).

The urban enhancement ratios (ERs) obtained from ACCMIP vs. those obtained 
from the observations are reported in Fig.  6. It appears that benzene is 

Fig. 6 Comparison of the emission ratios of NMVOC vs. NMVOCi from ACCMIP to the mea-
sured ones in Beirut, in summer and in winter, for all the anthropogenic sectors, for all data of all 
compound classes (in gray dots), and for a given NMVOC (colored dots). (Reprinted from Fig. 9 in 
Salameh et al. (2017))
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systematically overestimated up to a factor of 5 in ACCMIP. Conversely, xylenes 
are underestimated in the ACCMIP global emission inventory but not systemati-
cally. The other compounds are closer to the line of the slope (=1), below a factor of 
2. Finally, comparisons between ACCMIP and observations suggest that the overall 
speciation of anthropogenic sources for major hydrocarbons that act as ozone and 
SOA precursors in ACCMIP is better represented than the other species, but it still 
needs improvement (Salameh et al., 2017).

It should be emphasized that when a consensus is met between observed and 
inventory ERs (the ERs fall around the ratio of 1), this does not necessarily mean 
that the absolute emissions are correct. Indeed, Salameh et al. (2016) showed that 
global inventories (ACCMIP, EDGAR, MACCity) could underestimate the NMVOC 
emissions by up to a factor of 10 for the transportation sector. Both speciation and 
absolute emissions have to be taken into consideration.

3  Conclusion and Recommendations

While multi-year trends suggest a global decrease in anthropogenic emissions over 
the whole Mediterranean basin, the trajectories are different when comparing 
western- eastern regions to northern-southern regions. Detailed observations pro-
vide very useful constraints for source-apportionment studies and evaluation of 
emission inventories as illustrated by the works developed within the ChArMEx- 
TRANSEMED initiative for NMVOC. Very high uncertainties keep on being asso-
ciated with global emission inventories. Given the complex environment the basin 
exhibits due to the different levels of regulations, technology implemented and 
practices, but also law enforcement, highly spatially and temporally resolved local 
emission inventories are essential for the future to build a more realistic regional 
inventory taking into account these heterogeneities like the work of Waked et al. 
(2012), for example. The quality assurance/quality control of the inventories is rec-
ommended to maintain a minimum level of reliability in the proposed results. 
Different approaches exist and shall be used to sustain the development of emission 
inventories and validate their results at the local and regional scale, going from a 
combination of remote sensing and modelling, especially with better performance 
of new satellites, a combination of a priori highly resolved local emission invento-
ries and remote sensing, or even measurements solely like the work conducted 
within TRANSEMED. This step is crucial and shall be more focused on assessing 
uncertainties in future emission inventories. Since local practices play an important 
part in the technology performances, whether in road transport, industries, etc., the 
characterization of the source profiles is a future must. These will help extend the 
inventories to more speciated species that play a considerable role in atmospheric 
chemistry and composition. The TRANSEMED initiative now continues with 
Greater Athens, Greece (Panopoulou et  al., 2018), and, more recently, with the 
POLCAIR campaigns in Cairo, Egypt (November 2019 to July 2021). After almost 
one decade of experimental efforts, this dataset constitutes a benchmark for the East 
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Mediterranean. These field data have also been useful to address the health impacts 
of air pollution like in Beirut where the cumulative cancer risk was estimated 
(Dhaini et  al., 2017) or Cairo through long-term exposure assessment (Wheida 
et  al., 2018). Other ongoing projects are taking place in the western part of the 
Mediterranean basin at Marseille, France, since February 2019, with a focus on the 
impact of shipping emissions. Another project was launched recently with concrete 
quick achievements like field campaigns in Nicosia, Cyprus, participation to 
POLCAIR campaign in Cairo, etc., namely, the Eastern Mediterranean and Middle 
East-Climate and Atmosphere Research Centre (EMME-CARE) through the cre-
ation of a Centre of Excellence at the Cyprus Institute, tackling air pollution and 
climate change and their health impact coupled to policy making over the next 
decades in the region, using a combination of modelling, remote sensing, observa-
tions, etc. and based on a dense network of strategic collaborations. Such sustained 
projects are much needed and vital in the long run especially in the southern part of 
the basin. Another level of collaboration shall also be established with decision-
makers especially in the southern countries with the help of the northern ones to 
enhance policy making related to emissions and the future of the atmospheric envi-
ronment in the Mediterranean basin.
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Abstract An overview of ultrafine particles (UFP) and their sources in the 
Mediterranean basin is presented based on historical and new measurements in the 
framework of ChArMEx (the Chemistry-Aerosol Mediterranean Experiment). UFP 
and meteorological variables were measured from an ultralight aircraft focusing on 
particles in the nucleation and Aitken modes, and their potential properties as cloud 
condensation nuclei (CCN). Observed UFP could be assigned to different source 
areas and occasionally to certain types of emitters. An assessment of ship emissions 
contribution to the nucleation and Aitken particle modes budget over the 
Mediterranean is derived. Shipping along the main route from Suez to Gibraltar is a 
source of UFP in a similar order of magnitude or even larger than anthropogenic 
emissions along the shorelines and well above any natural sources. In areas far from 
major emission sources, the majority of UFP were identified as CCN in concen-
trations far above natural abundance and significantly enhanced compared to 
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pre- climate change (~1970) conditions. This enhancement in CCN concentrations 
over the whole basin by anthropogenic UFP is an important input parameter for 
aerosol- cloud interaction models and could be a timely, well-correlated, and essen-
tial factor for the observed changes in rainfall patterns within the last decades.

1  Introduction

The preceding chapter reviewed anthropogenic emissions of various reactive gases 
and fine particulate compounds in the Mediterranean region (Borbon et al., 2022). 
Here the focus is put on the anthropogenic contribution to the budget of ultrafine 
particles (UFP) in the Mediterranean atmosphere. Most emission inventories are 
based on mass emissions, and UFP represents only a minor fraction of the mass. 
Despite their climate relevance, the number emission is not included in emission 
databases like those considered in the preceding chapter. To our knowledge, the first 
number emission scenario was published by Paasonen et  al. (2016). The main 
sources were industrial and residential combustion processes and traffic. However, 
these numbers are still highly uncertain, and they cover only continental sources, 
whereas in the Mediterranean, the contribution from intense ship traffic (see the 
chapter in Vol. 1 by Doussin, 2023) has to be taken into account given documented 
UFP emissions by large ship engines (e.g., Contini et al., 2015; Villa et al., 2019 and 
references therein).

UFP constitute the fraction of the airborne particle size spectrum below 100 nm 
in diameter. This size range covers particles in both the nucleation mode, <1–20 nm, 
and the Aitken mode, 20–100 nm (Young & Keeler, 2007). In the upper range of the 
Aitken mode (>40 nm) and further extending into the accumulation mode (>100 nm), 
ultrafine particles may act as cloud condensation nuclei (CCN) (Charlson et  al., 
1987; Andreae, 2009). The threshold for CCN activity at sizes >40 nm is not fixed 
as it depends on aerosol chemistry, the fraction of water-soluble and water-insoluble 
compounds, and their physical distribution within the particle. Further on, meteoro-
logical and cloud dynamical parameters like updraft velocity and supersaturation of 
water vapor in clouds control the growth of cloud condensation nuclei to real cloud 
droplets (Rosenfeld et al., 2019). A reduction in droplet size by additional UFP- 
derived CCN is expected to delay rainfall from shallow clouds (Rosenfeld, 2000; 
Bigg, 2008), although a direct causality for regional drought is difficult to prove 
(Heinzeller et al., 2016). On the other hand, more latent heat energy originates from 
more rapid evaporation of warm shallow cloud droplets and also from in-cloud pro-
cesses involving condensation on UFP/CCN inside strong convective cells. This 
latent energy invigorates torrential rains leading locally to even more intense pre-
cipitation (Bell et al., 2008; Rosenfeld et al., 2008; Fan et al., 2018; Guerreiro et al., 
2018). Increased lightning intensity over major shipping lines was also reported 
(Thornton et al., 2017).
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Due to the impact of ultrafine particles as CCN on clouds and subsequently on 
the hydrological cycle, knowledge about these particles and their emissions and 
budgets is crucial for climate modelling (Charlson et al., 1987). The Mediterranean 
is suffering from changes of the hydrological cycle, rainfall, drought, and surface 
runoff as well as torrential rains and Mediterranean tropical-like cyclones called 
medicanes (Gudmundsson et al., 2016). Understanding UFP and the fraction of the 
UFP active as CCN might be contributing to the understanding of these changes. 
Enhanced CCN might even be responsible not only for longer droughts but also for 
an increase in lower troposphere water vapor as a major greenhouse gas and thus 
directly affect the earth’s radiation balance (Riuttanen et  al., 2016; Bister & 
Kulmala, 2011).

Ultrafine particles in the atmosphere, especially in the lowest size ranges, origi-
nate from a production from gas phase molecules or gas to particle conversion 
(GPC). The initial step, the nucleation, is the production of a more or less stable 
cluster of about 1 nm in diameter that then further grows and stabilizes within a few 
hours (Kulmala et  al., 2013). This nucleation and growth process may happen 
everywhere in the atmosphere where a suitable mixture of chemical compounds is 
available. It has already been observed by Aitken at the Scottish northwest coast and 
also at the coastline of Tasmania at Cape Grim. Such a natural particle production 
from maritime emissions or related compounds (O’Dowd et al., 2005) has, however, 
never been observed in the Mediterranean although volcanic emissions could emit 
additionally the required chemical precursors. Key substances for the initial cluster 
production are compounds like sulfuric or nitric acid as well as ammonia, and the 
intensity of new particle formation is, like in all other chemical reactions, depending 
on the “ambient” “laboratory” conditions. Natural UFP in the maritime environ-
ment are either derived from biogenic emissions of organic sulfur compounds oxi-
dizing in the atmosphere to reactive sulfur and subsequently slowly growing GPC 
particles (Charlson et al., 1987) or derived from sea spray and bursting gas bubbles. 
Particle concentrations over pristine ocean surfaces are in the order of a few hun-
dred cm−3, of which about 100 to 150 are cloud condensation nuclei (Schmale et al., 
2018). However, under conditions with marine biogenic material exposed to sun-
light at some coastal sites, locally enhanced number concentrations well exceeding 
10,000 cm−3 were observed (O’Dowd et al., 2005, 2007). Everywhere in the atmo-
sphere, sulfur dioxide emitted naturally from volcanic activity or from marine emis-
sions like DMS, or emitted by anthropogenic sources, may produce nanoparticles 
upon interaction with ammonia from agriculture. The natural continental back-
ground source strength, however, is not well known. Bigg and Turvey (1978) esti-
mated the natural background for remote Australia to ~700 particles cm−3. Strong 
anthropogenic induced gas to particle conversion was observed to produce large 
numbers of particles in sulfur-rich plumes released from power stations (Kiang 
et al., 1973) and smelters (Ayers et al., 1979) or also in the industrial applications 
burning at high temperatures sulfur containing fossil fuel (Bai et al., 1992) as part 
of the SCR flue gas cleaning systems. For these applications, the addition of ammo-
nia was proposed as a technique to convert harmful gaseous compounds SO2 and 
NOx into filterable particulate matter.
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The growth of the initial nucleation clusters in the atmosphere with growth rates 
of a few nm per hour is finally dependent on the presence of additional condensable 
substances like extreme low volatility organic compounds (ELVOC) (Kulmala 
et  al., 2013; Ehn et  al., 2014). Such VOCs would be readily available from the 
Mediterranean vegetation. After several hours, particles grown into the size range of 
cloud condensation nuclei are then composed of a mixture of an inorganic core, i.e., 
ammonium sulfate or nitrate, and organic compounds with a more or less hydro-
philic composition which controls the later droplet activation process in the cloud 
and the probability of the UFP to become a CCN (Wang et al., 2019).

Frequent biomass burning over and around the Mediterranean is an alternate 
source for particles in the CCN range, but it is producing large amounts of mainly 
accumulation mode particles. The main emission mode is larger, and the number 
size distribution main mode of fresh biomass burning aerosol is normally above 
80 nm with a tail well into the visible size range >300 nm (Alonso-Blanco et al., 
2014). Besides the number concentration thus, to disentangle different sources and 
production processes, the size distribution is a powerful key to investigate the ori-
gin, or age, of ultrafine particulate matter. For example, in case that the nucleation 
mode is suppressed and only particles >10 nm are observed, this is normally an 
indication of a medium- to long-range transport due to the fast growth of freshly 
produced particles from the nucleation into the Aitken mode (Boy & Kulmala, 
2002; Dal Maso et al., 2005). Also, the shape of the observed modes can be used as 
an indicator of underlying production and aging processes. Unfortunately, ultrafine 
particles are invisible and thus not detectable by remote sensing techniques which 
would allow a better spatial coverage and monitoring. They have to be measured in 
situ, and spatial investigation requires aircraft.

An extended overview about the historical and technological development of 
instrumentation for the measurement of UFP is given by Mohnen and Hidy (2010). 
Although instrumentation for the detection of particles >15 nm has been available 
since the late nineteenth century (Coulier, 1875; Aitken, 1888), the knowledge of 
ultrafine particles and their sources and budget is still limited. One reason for the 
limited database is the fact that, despite the early knowledge of particle numbers as 
a proxy for pollution levels (Aitken, 1890; Landsberg, 1938), regulations concern-
ing particles normally consider the mass fraction, particulate matter with size ranges 
<10 μm or 2.5 μm (PM10 or PM2.5). This was one of the initial parameters reproduc-
ible measurable and claimed to be health relevant (Pope et al., 2002). Environmental 
monitoring sites were thus normally equipped with instrumentation neither for 
long-term monitoring of particle number concentration nor for the particle size dis-
tribution. That ultrafine particles may be even more health relevant than particulate 
mass came up about a decade ago (Franck et  al., 2011) and is now generally 
accepted. The health effect is described to be due to the smaller size and subsequent 
deeper penetration of UFP into the lung. However, only a few monitoring networks 
have been established since (Birmili et al., 2016). In the Mediterranean, only two 
sites were installed since 2000 following the detection of more or less regular diur-
nal patterns of ultrafine particles within the nucleation mode in a boreal forest 
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environment (Kulmala et al., 2004). The instrumentation is relatively complex so 
that data are mostly available from short-term campaign activities. In Italy, the first 
site in the eastern Po Valley was established at San Pietro Capofiume about 30 km 
from the Adriatic coast in a predominant agricultural area surrounded by several 
large pollution sources (Laaksonen et al., 2005). Data are covering several years, for 
example, from the QUEST-EU (Quantification of Aerosol Nucleation) campaign, 
and long-term measurements were analyzed and published by Hamed et al. (2007). 
In the eastern Mediterranean, a station has been established in Crete (Finokalia), 
and analyses covering several years are now reported (Kalivitis et al., 2019). A sta-
tion on the island of Gozo was installed in 2012, but to our knowledge, no data have 
been published yet.

To cover the gaps in observations, a few more stations were installed to extend 
the existing infrastructure temporarily in relatively clean locations on the islands of 
Mallorca and Corsica, and aircraft were used for additional three-dimensional 
investigations within the framework of the Chemistry-Aerosol Mediterranean 
Experiment (ChArMEx; https://www.atmos- chem- phys.net/special_issue334.
html). Field operations were mainly over the western basin (Rose et al., 2015) and 
over the island of Corsica in summer 2012 (project VESSAER: Vertical Structure, 
Sources, and Evolution of Aerosols in the Mediterranean Region; Roberts et  al., 
2013) and extended further south east over Malta and Gozo islands in summer 2013. 
On a short time scale and on a campaign basis, further ultrafine particle data are 
available from campaign activities in ChArMEx from field sites in Mallorca Isl. and 
at Ersa (north of Cap Corse on Corsica Isl.) in the western Mediterranean and at 
Finokalia (Crete Isl.) in the eastern Mediterranean (Berland et al., 2017; Kalivitis 
et al., 2019). Data from a later campaign in Madrid in 2017 (Carnerero et al., 2018) 
fit well into the overall picture.

One advantage of the available database for the characterization of the anthropo-
genic contribution to the particle budget is the fact that besides measurements with 
the latest available instrumentation, at least a few historical data on particle number 
concentrations are published. John Aitken spent at the end of the nineteenth century 
already several weeks on the French coastline east of Toulon with his mobile coun-
ter. Later, in the early 1970s, a ship cruise for the investigation of ultrafine particle 
number concentrations was performed in the Sardinia and Sicily Channels which 
were considered at that time as remote maritime areas (Colacino & Dalu, 1972), 
followed by a cruise in 1975 throughout the whole western and eastern Mediterranean 
(Elliott, 1976). These measurements now can be compared to number concentra-
tions measured during ChArMEx in 2012 and 2013 considering that the early Aitken 
and Pollak (Metnieks & Pollak, 1959) counters are comparable in the lower detect-
able size limit but were not able to measure nucleation mode particles below 
~15  nm. Nevertheless, the currently available size distributions down to ~3  nm 
allow a comparison.
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2  Airborne Experiments in the Mediterranean

Several aircraft were involved in aerosol investigations in the western Mediterranean: 
the French Safire ATR-42 flew in 2012 during a campaign of the Hydrological Cycle 
Mediterranean Experiment (HyMeX; Rose et al., 2015) and in cooperation with the 
Safire Falcon F-20 in 2013 during a ChArMEx campaign (Mallet et al., 2016). A 
small aircraft operated by Karlsruhe Institute of Technology (KIT) in Germany was 
used already earlier between 1999 and 2008 in the western Mediterranean for inves-
tigations of the regional three-dimensional distribution of aerosols and radiation. 
These first campaigns included ultrafine particles from a > 10 nm particle counter 
(CPC) to characterize photochemistry in southern France between Avignon and 
Marseille (Junkermann, 2005) and the vertical structure of the planetary boundary 
layer (PBL) over the island of Lampedusa for Saharan dust studies (Meloni et al., 
2015). To gather first information on nucleation mode particles, extensive flights 
over the eastern Po Valley within the QUEST project (Laaksonen et al., 2005) used 
a twin counter setup with 3 and 10 nm cutoffs.

With a similar two-counter setup plus an additional SMPS (20–480 nm), Rose 
et al. (2015) indeed found nanoparticles between 5 and 10 nm in elevated layers 
especially over the Gulf of Lyon and assigned these particles to new particle forma-
tion. The data presented do not allow us to identify or to quantify the emission 
source or the contribution to the CCN budget. A contribution of marine emissions to 
new particle formation in the elevated layers would require at least convective verti-
cal and synoptic horizontal transport most likely with some anthropogenic contami-
nation. The corresponding three-dimensional distribution and temporal, day and 
night occurrence, could be as well in agreement with continental emission, meteo-
rology, and long-range transport (Junkermann & Hacker, 2018).

Within the framework of ChArMEx, two airborne campaigns specially focusing 
on ultrafine particles and CCN followed over islands of Corsica and Malta during 
summer of 2012 and 2013, respectively. Aerosol particle size distributions and their 
potential to serve as cloud condensation nuclei were investigated during the 
VESSAER 2012 campaign on the eastern side of Corsica up to an altitude of about 
3500 m a.s.l., probing both the planetary boundary layer and the lower free tropo-
sphere. The objective was to characterize ultrafine particle number, size distribu-
tions, and cloud condensation nuclei spectra in  local (PBL) and long-range 
transported air masses (lower free troposphere) (Roberts et al., 2013). The aircraft, 
an instrumented weight shift microlight, carried a set of aerosol sensors, CPC 
(>10 nm), nano-SMPS (4.5–350 nm with 15 size bins between 4.5 and 20 nm, 120–
sec time resolution), optical particle spectrometer (0.3–20 μm), as well as compre-
hensive meteorological instrumentation, i.e., temperature, dew point, radiation, 
wind speed, and turbulence (Junkermann et al., 2016). An additional miniaturized 
cloud condensation nuclei spectrometer was provided for the Corsica campaign by 
G. Roberts, Météo-France, Toulouse. During summer 2013, the KIT ultralight flew 
with a more sensitive CPC (>4.5 nm) from the island of Malta with vertical profiles 
over Malta and the neighboring island of Gozo to characterize ship emissions close 
to the Sicilian Channel, nowadays one of the world’s major shipping routes (see 
chapter on anthropogenic pressures; Doussin, 2023).
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The results for both island locations were quite different. Corsica is located rela-
tively close to the coastline of Italy with 200  km of Genova and ~  120  km of 
Civitavecchia, and ~ 900 km of the Spanish coast, but further away from major 
shipping routes than Malta. The island is large enough to be subject to thermal con-
vection, mixing planetary boundary layer air up to the mountain summits at 2700 m. 
During VESSAER, we experienced mainly westerly winds with 24 h back trajecto-
ries originating on the Iberian Peninsula and fast transport over ~900 km. Number 
concentrations of ultrafine particles were always moderate, in the range of 
2000–4000 cm−3 up to an altitude of ~2500–3000 m, but occasionally even higher 
up to 6000 cm−3 in an elevated layer above 1800 m. For westerly winds encoun-
tered, the mountain range on Corsica is a barrier with open channels at about 
1600 m. Thus, below 1600 m, likely more local conditions prevail. The island is 
covered with dense Mediterranean vegetation, the source of VOC required for rapid 
aerosol growth (Ehn et al., 2014). However, during 2 weeks of campaign, no signifi-
cant signature of fresh nucleation in any of these air masses was ever observed. 
Geometric mean particle size was normally between 70 and 100 nm and more than 
50%, up to 100% of these particles were cloud condensation nuclei at 0.3% super-
saturation. In one case, we found a direct transport or smaller particles at mid- 
elevation (1600–2300 m) passing over Ajaccio and possibly affected by emissions 
from the local fossil fuel power station (Roberts et al., 2013). The data compare well 
with the size distributions at the surface site of Ersa at 535 m a.s.l. in altitude north 
of Corsica and with the traces of nucleation mode aerosol in elevated layers reported 
by Rose et al. (2015) (Fig. 1). From continuous measurements at Ersa (Cap Corse; 
Berland et al., 2017; see also the chapter on nucleation by Sellegri & Rose, 2022), 

Fig. 1 (a) Vertical profiles of ultrafine particles >10 nm (CPC, light blue) and total number con-
centration (SMPS, dark red) over Ghisonaccia (Corsica) July 9, 2012. (b) Average size distribu-
tion: (diameter) in the PBL below 1500 m (black) and between 1500 and 2300 m (light blue)
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<10 nm nucleation mode particles were visible only occasionally, and the “typical” 
diurnal “banana curve” patterns, which are often observed at surface sites on the 
continent, began at or above 15  nm, an indication that favors rather long-range 
transport advected particles compared to local particle production (Boy & Kulmala, 
2002; Dal Maso et al., 2005). During the time of the flights and also at Ersa, the size 
of the main UFP mode was already generally >50 nm.

The Malta flights revealed a completely different picture. The nucleation mode 
dominated the atmospheric marine boundary layer (MBL) with concentrations 
about an order of magnitude larger than observed over Corsica and previously in the 
campaigns at Lampedusa, where normally several distinct layers of UFP were 
observed, the first one just marking the top of the MBL (Di Iorio et al, 2003). These 
stable aerosol layers are a result of the normally stable stratification of the marine 
planetary boundary MBL compared to the continent, and Lampedusa is too small to 
significantly produce such a thermal convection as observed over Corsica 
(Junkermann, 2001; Meloni et  al., 2015). Over Malta and Gozo, the UFP in the 
MBL were not perfectly mixed, an indication of a nearby source, but the average 
concentrations over both islands were the same each day. Contrary to the moderate 
number concentrations over Corsica with up to ~6000  cm−3 over Malta up to 
150,000 cm−3, typically 40,000–80,000 cm−3 were found. Figure 2a shows the verti-
cal structure of ultrafine particles during a morning flight (08:00 to 10:00 UTC) over 
Malta and Gozo with slight northerly winds on June 14, 2013.

Fig. 2 UFP over the island of Malta and Gozo: (a) Eight vertical soundings from ~50 m a.g.l. to 
~2500 m a.g.l. for particle number concentrations >4.5 nm. (b) Corresponding averaged size dis-
tributions above the MBL and within the MBL. The flight was performed under conditions with 
about 2.5 ms−1 northerly winds downwind of the main shipping route between Malta and Sicily. 
For comparison, a typical MBL size distribution from Corsica is included (dotted line). The photo 
taken during the campaign shows a cargo ship off Malta with its smoke plume
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Due to airspace restrictions with Malta airport, all vertical profiles >600 m were 
flown over the island of Gozo. Here on June 14, a thin layer with ~10,000 particles 
cm−3 (already more than in Corsica) was found at 2300 m. The origin of this layer with 
low concentration for Malta but high compared to Corsica is not known; however, the 
back trajectory passed quite close to the summit of Mt. Etna. This layer can thus be 
both natural and anthropogenic. The corresponding size distributions in the MBL (see 
Fig. 2b) had a major and slightly asymmetric mode at 18–20 nm diameter, while the 
size distribution above the MBL peaked at ~60 nm more similar to the observations of 
aged particles over Corsica. A size distribution with a main mode at that small diam-
eter is probably a mixture of primary emission and fast secondary production in agree-
ment with the ships emitting high amounts of sulfur dioxide and NOx. A pure 
secondary production during the morning time window would, however, require a 
significantly faster growth than known from recent literature. It is interesting to note 
that the UFP main mode is clearly smaller than the one reported for a container ship 
burning heavy marine oil outside the SECA (Sulfur Emission Control Area) area of 
the British channel (~80 nm; Petzold et al., 2008) and much closer to the sizes emitted 
from modern continental power stations (Junkermann et  al., 2016; Junkermann & 
Hacker, 2018). Such stations apply flue gas cleaning techniques like SCR or SNCR 
(selective (non)-catalytic reduction) where large amounts of added ammonia suppress 
the NO2 emission but favor the production of new particles. Nucleation then already 
occurs within the power station, respectively, within the flue gas cleaning section (Bai 
et  al., 1992; Srivastava et  al., 2004) or directly after emission in the cooling and 
spreading flue gas plume. A later comparison with a hybrid ferry in the Baltic Sea 
operating at low sulfur fuel (<0.1%) and including a pollution scrubber system 
revealed even higher number emissions under totally overcast conditions. The ferry 
emitted a clear single particle mode at 30 nm without any indication of fresh nucle-
ation. For the Mediterranean under bright sunshine downwind of the main shipping 
channel, a slightly smaller main size mode (18 nm) which was found extending into 
the lowest nucleation mode size bins, a signature of gas to particle conversion.

During the airborne campaign over Malta, an additional ground-based particle 
counter (TSI 3010) and an optical particle spectrometer (model GRIMM 1.108) were 
installed on a rooftop (fifth floor) at the harbor of Marsaxlokk on the east side of 
Malta island as a ground-based reference. On the average over the campaign the 
instruments measured ~15,000 particles cm−3 with particle numbers reaching 
>50,000  cm−3 (Fig.  3a). An obvious diurnal pattern with maxima around noon 
(Fig. 3b) indicates that Malta, although smaller than Corsica, is also likely subject to 
diurnal convection regularly advecting sulfur- and particle-rich air from ships either 
passing by or on berth to the island. The pattern is not in agreement with the local car 
traffic in the area. However, here the size of the UFP and the mixture of primary and 
secondary particles remains unknown due to the missing size distribution.
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Fig. 3 Ground-based UFP measurements during the June 11–26, 2013, campaign on the island of 
Malta, at a rooftop fifth floor at the harbor front of Marsaxlokk: (a) concentration levels of particles 
>10 nm (CPC-TSI 3010; left axis) and the particle number concentration of fine particles >300 nm 
(GR0_03, right axis); high values of fine particles indicate Saharan dust events; (b) diurnal cycle 
of the UFP concentration as a running average for the campaign

3  History of Ultrafine Particle Concentration Levels 
in the Mediterranean

It is interesting to note how particle number concentrations and potential cloud con-
densation nuclei concentrations changed in the Mediterranean within the last 
decades. Already back in 1890 John Aitken (1890) identified anthropogenic activi-
ties at the harbor town of Toulon as one of the major sources of Aitken particles and 
other pollution, but, he was not able to identify any chemical process involved. 
During his measurements, about 30 km from Toulon he found, from the clean mari-
time sector, ~600 particles cm−3. Polluted air reached up to 45,000 particles cm−3 
downwind the city and port of Toulon.
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Colacino and Dalu (1972) found 80 years later about 800 to 1000 particles cm−3 
over the open water of the Sicily and Sardinia Channels, also most probably upwind 
of the industry in Sicily, and on the mainland. At that time, clean oceanic conditions 
over the Atlantic and Pacific were expected to have about 300 to 400 particles cm−3, 
and the Mediterranean, as expected, was no longer completely clean. Compared to 
Aitken’s measurements 80 years earlier, there was no obvious change in cleaner 
parts of the Mediterranean Sea. Elliott (1976) found a few years later on a cruise 
extending into the eastern basin and into the northern Aegean Sea between 1000 and 
2000 cm−3 and occasionally up to 15,000 cm−3, which were assigned to anthropo-
genic sources at the coast. The increase in background number concentrations could 
be already related to growing shipping traffic emissions that finally in the twenty- 
first century led to ~15,000–20,000 particles cm−3 in 2013 in the same area.

Especially within the central part of the Mediterranean, the emissions changed 
significantly in the last decades. Power stations and refineries were in operation in 
the 1970s in Sicily and at the southern tip of the Italian mainland, where one of the 
largest industrial sites is located, in Taranto, since the late 1960s. However, these 
particle sources were not equipped with flue gas cleaning systems until the end of 
the twentieth century and emitted a major fraction as fine particles. Fine particles 
serve as a condensation sink and suppress the number of ultrafine ones. Thus, 
although the total emitted mass (PM) was higher, number concentrations was prob-
ably lower than today as a drawback of modern “clean” technology.

Despite the introduction of air polluton control measures the levels in urban envi-
ronments in the twenty-first century did not change much compared to 1890 with 
the exception of black carbon and fine dust, which is significantly reduced. This is 
due to the more intense traffic now. The coastline with expanding urban settlements 
and increasing traffic is thus becoming a continuous line source these days, com-
pared to the patchy patterns at the turn of the nineteenth century. Traffic emissions 
in urban environments and also from in between these agglomerations are now one 
of the larger sources of primary nanoparticles (Olin et  al., 2020; Rönkkö et  al., 
2017). From the available data we have, it is impossible to estimate whether and 
how far UFP emissions changed. However, a number of new, important and domi-
nating sources have been introduced. Growing emissions from fossil fuel power 
stations and refineries have shifted from fine particles to ultrafine ones since ~1980. 
Different to urban and car emissions, these UFP emitters release into elevated alti-
tudes of about 200–300 m. These emissions occur during the day into the boundary 
layer, during night above the nocturnal inversion, favoring mid-elevation transport 
up to a few hundred km (Junkermann & Hacker, 2018). This agrees with the ele-
vated layers observed over the less convective MBL (Junkermann, 2001; Meloni 
et al., 2015; Rose et al., 2015) and with the diurnal pattern of size distributions at the 
ground-based field sites (Berland et al., 2017; Junkermann & Hacker, 2018). Within 
the Mediterranean, large industrial UFP sources are found in increasing numbers 
and increasing size. Currently, about 35 units burning coal (https://www.endcoal.
org) are located along and ~ 200 km inland of the coastline from Gibraltar, along the 
Spanish coast over southern France towards Italy and further east to Greece and 
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Turkey. Additionally, several large refineries and heavy oil-fired units are also now 
operational (Malta, etc.). The source for ultrafine mode aerosol identified by 
Kalkavouras et al. (2017) for particles observed at the Finokalia site is such a region 
with several coal fired power stations. Intense UFP events at the Cyprus coast can 
be traced back to stations at the Turkish south coast (Brilke et al., 2020). The Italian 
field site at San Pietro Capofiume (Laaksonen et al., 2005) is similarly affected by 
fossil fuel emissions from nearby Mestre, Porto Tolle, and Rimini. Correspondingly, 
the local fossil fuel-fired power stations located in Mallorca, Corsica, Malta, Crete, 
and Cyprus have to be considered. The possible nucleation source areas identified 
by Berland et al. (2017) are close to such UFP emission hotspots. In addition, mari-
time fossil fuel extraction sites like gas and oil rigs have not been investigated yet. 
The fuel there is not burnt in significant amounts, but they could contribute, espe-
cially in the eastern Mediterranean where their number could increase rapidly fol-
lowing recent hydrocarbon fields’ discoveries (Ellinas et al., 2016).

4  Major Contributions to the Mediterranean UFP Budget

Local traffic, urban environments, fossil fuel processing (refineries), power genera-
tion, and ship traffic all contribute to the ultrafine particle budget over the 
Mediterranean (Junkermann & Hacker, 2015, 2018) with, depending on the source, 
different emission heights. Ships are emitting always into the MBL, and power sta-
tions at night above the nocturnal MBL, leading to different transport patterns day 
and night. Above the MBL, long-range transport might cover the whole basin 
(Elliott, 1976), and diurnal convection is rapidly mixing these layered emissions 
both down to the ground and up to the cloud base. Ships in the Sicilian Channel 
were identified to be a major source of ultrafine particles initially too small for CCN 
activity but growing within a few hours into the respective size range. Ships burning 
sulfur-rich fuel were estimated to emit slightly less per MW, but at larger sizes 
(Petzold et al., 2008), their emission is also dependent on speed, size, engine, and 
fuel. However, cleaner fuel as required after 2020 also for the Mediterranean does 
not mean that the UFP emission is decreasing. Experiments in the Baltic Sea indi-
cated that with a reduction of fine particles, the primary emission of ultrafine or 
nanoparticles might be even increasing to similar values as were obtained from the 
modern continental power stations in the order of 3 1015 particles per MW. This 
would agree with the results of Hamed et al. (2010) who observed that the number 
of cloud condensation nuclei at a field site surrounded by several lignite power sta-
tions increased during transition from “dirty” to “clean” operation, despite sulfur 
dioxide reduction. A doubling of nucleation mode particles was observed a few 
hours downwind of a modern power station, and even after transport for 48 h and 
about 800 km downwind of a major UFP source, the signature of enhanced nucle-
ation appeared under “clean Mediterranean” conditions over Australia (Junkermann 
& Hacker, 2015; see also Rosenfeld 2000). That indicates that even in a diluted 
plume still sufficient precursor material is available.
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Using the Malta vertical profiles for shipping emissions, an emission rate esti-
mate can be calculated although it cannot be disentangled how primary emission 
and fast secondary gas to particle production are contributing. Measurements a few 
km downwind from large point sources always summarize the primary and immedi-
ate secondary production. It is thus a measure of the direct contribution of a single 
source to the total budget, and this is the number emission finally needed for a 
model grid cell. Using the information from the flight of Fig. 2, an average particle 
number concentration along the shipping line over ~40  km (Malta-Gozo) of 
30,000 cm−3, a height of the MBL of 800 m, and an average perpendicular wind 
vector of 2.6 ms−1, the effective particle production from the shipping line is on the 
order of ~6 1016 s−1 km−1. Extrapolated to the full distance from Suez to Gibraltar, 
that would be equivalent to more than 70 medium-size fossil fuel-fired power sta-
tions (Junkermann et al., 2011, 2016). Maritime UFP emissions in the Mediterranean 
are thus in a similar order of magnitude as continental emissions along the coast. 
Data about shipping intensity are available from the AIS data archive (https://www.
marinetraffic.com/). These data contain at least the type, size, and speed of all indi-
vidual ships, especially all cargo ships, and allow a calculation how much cargo 
(gross register tonnage) is transported along the shipping route. Ship emission 
reported by Petzold et al. (2008) and calculation of particle emission for the amount 
of cargo shipped through the Mediterranean are in good agreement with the above 
shipping emission estimate for the summer time conditions from the Malta 
campaign.

5  Conclusion and Recommendations

Ultrafine particles over the Mediterranean are dominated by anthropogenic activi-
ties along the surrounding coastline, by emissions from urban agglomerations, from 
industrial installations, and from shipping. These emissions are spread over the 
basin by regional-scale horizontal advection, often in distinct layers, and are finally 
vertically mixed by thermal convection during daytime. This thermal convection is 
stronger over land, and larger islands than over the open water. Considering the 
lifetime of small ultrafine particles, transport distances of about 500 km have to be 
considered, occasionally even more, similar to Saharan dust transport. Single events 
can be analyzed for source apportionment, for example, using HYSPLIT or 
FLEXPART back trajectory models. In many cases, the most likely source can be 
identified (e.g., Junkermann & Hacker, 2015). Aging and loss processes involved 
during transport modify size distributions, mainly to larger sizes, toward CCN sizes 
and to the accumulation mode. A reduction in fine particles due to emission control 
measures, the condensation sink of UFP, might even increase the lifetime for smaller 
particles in the ultrafine mode. Important for the climate impact of ultrafine aero-
sols, among changes in size distributions and chemistry of UFP with aging, the 
fraction of cloud condensation nuclei is increasing (close to 100% CCN in aged 
particles over Corsica). Compared to 1970 with a maximum of 600–800 CCN cm−3, 
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in the unlikely case that all particles at that time were active CCN, nowadays >2000 
and more CCN cm−3 are normal over the Mediterranean. This is due to the aging 
UFP from continental sources along the coastline and to the emissions from 
shipping.

Due to missing data, no trend or even a quantitative estimate can be made for 
coastal and urban emissions throughout the basin. However, the source from increas-
ing global ship transport is obvious. Shipping is nowadays a major source of ultra-
fine particulate matter, especially in the marine environment of the central 
Mediterranean, which was originally remote or only moderately polluted (at least 
up to the 1970s). ChArMEx results allow a better estimate of the shipping contribu-
tion and provide new insights into size distributions related to particulate shipping 
emissions. Given the large impact of ultrafine particle-derived CCN on the hydro-
logic cycle through aerosol-cloud interactions, it is suspected that these additional 
emissions contributed to the observed modification of rainfall patterns with the last 
decades and the subsequent changes in horizontal and vertical water vapor distribu-
tions. There is also experimental evidence that in other areas with reported excep-
tional rainfall deficiencies, the number concentrations of UFP were enhanced in a 
similar way to the Mediterranean and that rainfall decline timely correlates with an 
increase in ultrafine particles, respectively, CCN (Bigg, 2008; Junkermann et al., 
2009, 2011; Junkermann & Hacker, 2015; Heinzeller et al., 2016). These climate- 
relevant processes need more observations and further sophisticated climate model-
ling with updated primary emission scenarios and detailed aerosol and cloud 
physics.
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Abstract
Chemical processes strongly modify the tropospheric composition in gases and 

aerosols over the Mediterranean basin (MB), and physico-chemical processes affect 
exchanges between both phases. Main results from the ChArMEx program dealing 
with these issues are highlighted in this chapter. Observations of total OH reactivity 
of molecules over the MB made evident larger reactivity over the western than the 
eastern part of the basin, due to stronger biogenic VOC emissions, reflecting more 
favorable (especially less dry) climatic conditions over the western part. Quasi-
Lagrangian boundary-layer isopycnic balloons over the gulfs of Lion and Genoa 
revealed net ozone growth, at intermediate rates between those reported in polluted 
regions and remote areas. Nucleation and growth of new particles were found to be 
ubiquitous in the MB, from coastal sites to the open sea boundary layer and lower 
free troposphere. We are discussing the role of compounds such as isoprene, ter-
penes, methane-sulphonic acid and iodine as precursors for new particle formation. 
Extremely low-volatile compounds from monoterpene autoxidation, which may 
contribute to secondary organic aerosols (SOA) mass by up to 10%, could also be 
involved. Origins and formation pathways of secondary aerosols are investigated 
from their concentrations and properties (carbon origin, oxidation state, solubility, 
mixing state), e.g., the absorption of soluble non-marine biogenic SOA in sea-salt 
particles. Overall, 3D models simulate well SOA levels over the basin and their 
seasonal variability. Still, field measurements over the basin show that theoretical 
partition coefficients of semi-volatile compounds between aerosol and gas phases, 
the basis used in 3D chemistry-transport models, are under-estimated, suggesting a 
potential role of particle viscosity in phase exchanges.
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Abstract Total OH reactivity is defined as the total loss rate of reaction of the 
hydroxyl radical OH with atmospheric chemical compounds. It represents the 
inverse of the OH radical lifetime. Since OH is the main atmospheric oxidant during 
daytime, measuring the total OH reactivity represents an estimate of the total load-
ing of reactive molecules in the atmosphere. This chapter presents the measurement 
principle of total OH reactivity and then results from measurements in the 
Mediterranean basin, which are placed in the general context of worldwide mea-
surements. The major applications of such measurements are highlighted: first, the 
total OH reactivity is compared to the sum of OH reactivities of individual VOCs, 
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which allows one deriving a missing non-measured part. Then instantaneous photo-
chemical ozone formation rates, and the chemical regime of such ozone formation, 
are presented.

1  Total OH Reactivity Concept and Applications

Total OH reactivity (R) is defined as the total loss rate of reaction of the hydroxyl 
radical OH with atmospheric chemical compounds and represents the inverse of the 
OH radical lifetime. Since OH is the main atmospheric oxidant during daytime, 
measuring the total OH reactivity represents an estimate of the total loading of reac-
tive molecules in the atmosphere. Concurrently, a large number of reactive atmo-
spheric compounds can be measured with the available current technologies in 
order to determine their concentration, therefore their reactivity to OH. The latter is 
done by considering the sum of the products between the concentration Xi of each 
measured molecule i and the rate constant of reaction k of i with OH (Eq. 1). This 
parameter is often named calculated OH reactivity.

 
R k X

i
i� � �Xi OH

 (1)

Total OH reactivity and calculated OH reactivity represent, respectively, an experi-
mental and theoretical approach of the same parameter, used to examine the number 
and abundance of reactive hydrocarbons in the atmosphere. Measuring the OH reac-
tivity is relevant for many aspects as listed below.

1.1  OH Radical Sources

Measures of the total OH sink (OH reactivity) are helpful to constrain the total OH 
source when the concentration of the hydroxyl radical is known. Whalley et  al. 
(2011) compared OH production rates, OH sink, and OH measurements carried out 
in the tropical rainforest of Borneo and found out that OH in the tropics is produced 
at a rate ten times greater than the identified OH sources. Their predictions of OH 
concentration further highlighted that this parameter is underestimated by measure-
ments, with important implications for understanding VOC degradation and meth-
ane lifetime in the tropics.
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1.2  Unmeasured Atmospheric Constituents

Measurements of OH reactivity can be performed together with measurements of 
ambient air constituents. In an environment where every single air component has 
been quantified and its reaction rate constant with the hydroxyl radical is known, the 
measured OH reactivity and the calculated OH reactivity will be the same. If the cal-
culated OH reactivity is smaller than the measured OH reactivity, then a fraction of the 
composition of the air remains unidentified. This fraction is usually regarded as “miss-
ing OH reactivity”. Missing OH reactivity was found to different extents in many 
environments and was generally highest where biogenic VOCs dominated (Di Carlo 
et al., 2004; Nölscher et al., 2016; Zannoni et al., 2017). Comparisons of missing OH 
reactivity results should be done with caution, as the unidentified fraction depends on 
the number and type of chemical compounds monitored and used to determine the 
calculated OH reactivity. Nevertheless, this approach is useful for analyzing time 
series and improving our current understanding of environmental and atmospheric 
processes. It can also be used as a quality control measure of the deployed techniques.

1.3  Ozone Production Potential

Rates of instantaneous ozone production potential and regimes can be derived from 
measurements of OH reactivity when combined with measurements of NOx, OH, 
and peroxy radicals. Sinha et al. (2012) developed this type of approach to analyze 
the impact of point sources on regional ozone levels during the DOMINO campaign 
on the southwestern coast of Spain. They found out that the ozone production poten-
tial was higher when the coastal site was more influenced by continental air masses. 
They also identified the NOx point sources that were limiting such an effect. 
Nevertheless, a limitation of the method is that the ozone production potential so 
determined assumes that ozone production is not limited by availability of NOx. An 
alternative method to determine net ozone production from quasi-Lagrangian iso-
pycnic balloon measurements is presented in the following chapter (Gheusi, 2022).

1.4  Particle Formation

OH reactivity offers a direct link between VOC emission and new particle formation, 
which will be addressed in the three following chapters by Sellegri & Rose (2022), 
Sartelet (2022), and Michoud (2022). Mogensen et al. (2011) analyzed the particle 
formation events that occurred during 1  month of field campaign in the Finnish 
boreal forest with the measured OH reactivity. They found out that the missing OH 
reactivity increased during the particle formation event. Correlations between mea-
sured and missing reactivity with the condensation sink confirmed that the missing 
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reactivity could not be explained by OH loss on particle surface, but rather by OH 
oxidation with VOCs forming higher oxidized semi-volatile compounds.

2  Measuring the OH Reactivity

In 1993, William H. Brune conceived for the first time the concept of total OH reac-
tivity as the direct measurement of OH loss rate (Kovacs & Brune, 2001). A few 
years later, the first measurements of total OH reactivity were performed indepen-
dently by two research groups, (i) in the laboratory using a differential absorption 
lidar technique (Calpini et al., 1999) and (ii) in ambient air based on laser-induced 
fluorescence for detecting OH (Kovacs & Brune, 2001). Currently, the total OH 
reactivity can be measured using two main approaches: the direct measurement of 
the decay of artificially produced OH and indirectly measuring the concentration of 
a reference molecule whose reactivity to OH is established. Direct measurement of 
OH reactivity is achieved with three main types of instruments. The first type con-
sists in detecting the OH decay in a flow tube where ambient air is drawn, whereas 
OH is continuously produced from photolysis of H2O and monitored through laser- 
induced fluorescence (Mao et al., 2009). The second type deploys a flow tube com-
bined with chemical ionization mass spectrometry (CIMS) in order to detect H2SO4 
from the chemical conversion of OH (Muller et  al., 2018). The third type, laser 
photolysis-laser-induced fluorescence (LP-LIF), detects OH through LIF, whereas 
OH is artificially produced by ozone photolysis using short laser pulses at a low 
repetition rate (Sadanaga et al., 2004; Fuchs et al., 2017a). The indirect method, 
known as comparative reactivity method (CRM), generally uses proton transfer 
reaction mass spectrometry (PTR-MS) to monitor the concentration of a reference 
molecule reactive to OH mixed in a glass reactor with artificially produced OH and 
ambient air (Sinha et al., 2008). Alternatively, a gas chromatography- photoionization 
detector (GC-PID) can be used instead of a PTR-MS (Nölscher et  al., 2012). 
Intercomparisons of the same method (Zannoni et al., 2015) or different methods 
(Hansen et al., 2015) and of all methods (Fuchs et al., 2017b) have been carried out 
in recent years aiming at assessing the performances of the discussed techniques. 
Direct methods demonstrated to be more precise, have a better time resolution and 
lower limit of detection. Nevertheless, indirect methods have the advantage that 
they do not require a large sampling flow and therefore can be assembled from 
instruments already in use in many laboratories studying VOCs.

3  OH Reactivity Measurements in the Mediterranean Basin

Total OH reactivity was measured in a few studies conducted in the Mediterranean 
basin, including at background sites located in the western basin (Corsica; Zannoni 
et al., 2017) and eastern basin (Cyprus; Keßel, 2016), over open waters (Pfannerstill 
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Fig. 1 Total measured and calculated (summed) OH reactivity and ambient temperature (in 
grey) during summer 2013 at the remote site of Ersa (42.969°N, 9.380°E) in Cape Corsica (France). 
The origins of the air masses for the reported time were classified as from the North (21–23/07), 
West (23–26/07), and South (26–30/07). Summed OH reactivity represents the sum of reactivities 
of biogenic volatile organic compounds (BVOCs), anthropogenic volatile organic compounds 
(AVOCs), oxygenated organic compounds (OVOCs), and others (sum of CO, methane, and NOx 
contributions). More information can be found in Zannoni et al. (2017) and Michoud et al. (2017)

et al., 2019), in a forest (Zannoni et al., 2016), over an agricultural region in the Po 
Valley (Kaiser et al., 2016), and at a near coastal SW Spanish site in vicinity of the 
basin (Sinha et al., 2012). The main objectives of these studies were either to deter-
mine and investigate OH missing reactivity or to investigate the ozone formation 
potential. In parallel to other efforts, the ChArMEx program added to existing lit-
erature new measurement points in the region, especially over the western part of 
the basin (Zannoni et al., 2016, 2017).

Zannoni et al. (2017) investigated the OH reactivity based on CRM measure-
ments performed at the station of Ersa (42.969°N, 9.380°E) on the north of Cape 
Corsica (“Cap Corse” in French) in July 2013, on a crest at the northeastern tip of 
Corsica island, within the ChArMEx program (see Dulac et al., 2023 and the book 
appendix). This site can be considered as a background site, with low local anthro-
pogenic influence, and is under the influence of various air masses with different 
origins (marine influenced or anthropogenically influenced as those from southern 
France or northern Italy). Nevertheless, in the absence of major pollution events, 
and with relatively clean local air, the air masses’ origin had little effect on the mea-
sured reactivity. In contrast, local biogenic emissions from the scrub type of vegeta-
tion surrounding the measurement site (specifically, macchia and low  aromatic 
plants) had the largest impact on OH reactivity. OH reactivity in Corsica was on 
average 17 ± 6 s−1 and had a campaign maximum of 22 s−1. Despite this, a signifi-
cant missing OH reactivity was found (up to 50%) and attributed to oxidation prod-
ucts of BVOCs (Fig. 1).

Significantly lower levels (mean campaign value of 1.8 s−1; Keßel, 2016) were 
found in spring-summer 2014 in Cyprus island, in the eastern Mediterranean basin. 
The main explanation for the observed differences is given by the local ecosystems 
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and impact of direct biogenic VOC emissions to the OH reactivity. Indeed, the mea-
surement site in Corsica was influenced by dense macchia, while the site in Cyprus 
was very dry and with very little vegetation, showing only low biogenic VOC con-
centrations (sum of isoprene and terpenes maximum typically about 500 pptv; see 
Derstroff et al., 2017).

In September 2017, Pfannerstill et al. (2019) performed shipborne OH reactivity 
measurements with CRM during the AQABA campaign, departing from southern 
France, crossing the Mediterranean eastward to reach the Suez Canal, and then 
exploring the surroundings of the Arabian Peninsula. Aged and therefore rather 
clean air masses were encountered during the crossing of the Mediterranean, and 
the corresponding mean OH reactivity was low (7.2 ± 2.9 s−1) with the OVOC group 
accounting for the largest calculated OH reactivity. Higher OH reactivity levels 
were measured only during short periods corresponding to polluted air from the 
mainland. The levels were significantly higher in the Arabian Gulf, Gulf of Suez, 
and Suez Canal, where atmospheric composition was influenced by various anthro-
pogenic sources (urban, industrial, and from oil and gas production and processing). 
These measurements were used to derive ozone production regimes in terms of the 
OH reactivities of VOCs and NOx. In the Mediterranean, it was then found that 97% 
of the time, a regime with a VOC-to-NOx ratio suitable for ozone formation was 
encountered (i.e., it was intermediate between NOx and VOC limitation).

Also in the framework of the ChArMEx and CANOPEE  programs, Zannoni 
et al. (2016) measured the OH reactivity (CRM method) in June 2014 in a forest of 
downy oaks (Quercus pubescens), a typical Mediterranean species known as a high 
isoprene emitter (Keenan et al., 2009). Measurements at the geophysical station of 
Observatoire de Haute Provence (OHP) (43°55′54″N, 5°42′44″E) were performed 
at two heights, inside and above the canopy (respectively, 2 and 10 m as the canopy 
height was about 5 m). High OH reactivity was found (daytime mean of 29 s−1 and 
campaign maximum of 69 s−1 at 2 m), and as expected, isoprene was its main con-
tributor during daytime (83% and 72% inside and above the canopy, respectively). 
The comparison between measured total OH reactivity and calculated OH reactivity 
from the measured VOCs showed that no significant missing reactivity was present 
during daytime (neither inside nor above the canopy). This suggests that intra- 
canopy oxidation was low, in agreement with the measurements of low levels of 
isoprene oxidation products and with previous studies with isoprene and oxidation 
products’ flux measurements (Kalogridis et al., 2014). In contrast, a missing reac-
tivity up to 50% was found during night-time, possibly due to unmeasured oxida-
tion products, very likely oxygenated compounds. During night, local isoprene 
emissions are lower, and transport from more distant sources is thus relatively more 
important.

Another study performed directly in a forested area is the one by Bsaibes et al. 
(2020) which is based on measurements (CRM method) obtained during the 
LANDEX campaign in summer 2017 over a pine forest in SW France. Maritime 
pine (Pinus pinaster) is mostly found in Portugal forests but also at sites from the 
French and Italian Mediterranean coasts and is known to be a terpene emitter. This 
study is also based on measurements inside and above the canopy (respectively, at 6 

V. Gros and N. Zannoni



133

and 12 m with a mean canopy height of 10 m). Measured OH reactivity was very 
high with values up to 99 s−1 inside the canopy and 70 s−1 above the canopy (respec-
tive means of 19.2 s−1 and 16.5 s−1), with maximum values of OH reactivity mostly 
recorded during the nights. For this site, the main contributor to calculated OH 
reactivity was by far the monoterpene class (about 68–65% during daytime and 
92–89% during night-time inside and above the canopy, respectively) followed by 
isoprene (25–27% during daytime). Missing OH reactivity showed a day-night vari-
ability. The authors suggest that it was mainly related to temperature-enhanced pri-
mary emissions and secondary oxidation products during the day and could be 
linked to transported and accumulated long-lived species in the stable nocturnal 
boundary layer during the night.

Kaiser et al. (2015) have determined a vertical gradient in OH reactivity during 
the PEGASOS campaign, which took place on-board a Zeppelin over the Po Valley 
(Italy) in July 2012. They have measured an OH reactivity of 5 s−1 at the ground 
level (with NOx contributing to 40%) and only 2 s−1 at 800 m over an agricultural 
area (with OVOCs and CO contributing to 60%). These values are close to typical 
values for background air, i.e., an environment not influenced locally by anthropo-
genic or biogenic sources.

Finally, Sinha et al. (2012) measured OH reactivity during the DOMINO cam-
paign in southwestern Spain in fall 2008. They classified their results according to 
the air mass origins, and the levels of OH reactivity were varying from background 
levels (6.3 ± 6.6 s−1) when sampling marine air masses up to 31.4 ± 4.5 s−1 under the 
influence of northeastern continental air masses. They proposed an approach to use 
the measured OH reactivity (combined with NOx and peroxy radical measurements) 
to constrain both diel instantaneous ozone production potential rates and regimes. 
They found a peak value of about 20 ppbV O3 h−1 for the studied site (and have 
estimated that this value would be double if the site was not NOx-limited). These 
values are much larger than those derived from quasi-Lagrangian ozone measure-
ments under boundary-layer pressurized balloons drifting over the western 
Mediterranean Sea (1–2 ppbV O3 h−1; Gheusi et  al., 2016; Gheusi,  2022). 
Nevertheless, we note that these latter values are net production (versus gross pro-
duction); therefore, the comparison must be considered with caution.

4  Conclusions and Recommendations

Only a few studies of OH reactivity have been conducted in the Mediterranean basin 
so far (Fig.  2; see Yang et  al. (2016) for the corresponding references). Among 
those, we can distinguish measurements in the western and eastern basin, over open 
water, in forests, and at anthropogenically influenced sites. Studies in the western 
and eastern basins have shown that the western basin has a larger OH reactivity, 
which was mainly attributed to biogenic VOC, specifically terpenes, and possibly 
their oxidation products. Biogenic VOCs are very reactive compounds; therefore, 
their influence on OH reactivity is mainly local, although they can have a wider 
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Fig. 2 Existing OH reactivity studies around the world. Studies conducted in the Mediterranean 
region are indicated with a *. High OH reactivity (and high concentration of very reactive VOCs) 
was reported in sites indicated in red. (Adapted from Zannoni, 2015)
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impact through the transport of their oxidation products. Campaign periods with 
higher ambient temperature and sunlight triggered larger plant emissions and pho-
tochemistry, which explained the reported missing reactivity. The sites located in 
both the western and eastern basin were background sites, with weak pollution 
events; therefore, the different vegetation due to different latitudes was the driving 
factor for reactivity. The values measured at these sites are comparable to the reac-
tivity measured over open water. Over open water, no local event occurred, and 
processed air masses, mainly containing OVOCs and CO, had a similar reactivity to 
the one measured in the western basin without the contribution of the local BVOCs. 
Sites under anthropogenic influence can also show high reactivity, when measure-
ments are directly performed close to emission sources (see the case of megacities 
and urban agglomerates; Fig. 2).

As reported in Fig. 2, most measurements performed at coastal sites have been 
performed in the Mediterranean region. Therefore, the comparison with other non- 
Mediterranean coastal sites is limited. Nevertheless, as seen in other areas of the 
world, the environments usually associated with high OH reactivity (and often 
higher missing OH reactivity) are forested areas. This shows the importance to bet-
ter characterize BVOC and their oxidation products. The development of a plant 
chamber facility (Hohaus et  al., 2016) and similar facilities enabling controlled 
experiments will be of great help to investigate these chemical reactions and there-
fore to identify and quantify the oxidation products issued from BVOC compounds 
and their corresponding OH reactivity. In addition, for a complete understanding of 
OH reactivity in the Mediterranean basin, more measurements in different environ-
ments and seasons are needed. As an example, the Mediterranean region being often 
under the influence of biomass burning, OH reactivity measurements could also be 
useful to better characterize the corresponding pollution plumes, as done in another 
region of the world by Kumar et al. (2018). We note that OH reactivity is mostly 
useful when combined with other measurements. Therefore, we recommend to 
associate OH reactivity measurements to each field campaign deploying a large set 
of gaseous compound measurements, especially reactive VOCs. The objective is to 
determine whether there are any not measured compounds which lead to a signifi-
cant missing OH reactivity and possibly investigate which ones when this is the 
case. If combined with measurements of NOx, O3, and OH radicals, the OH reactiv-
ity is also a useful parameter to help better constrain the OH budget and estimate the 
O3 production potential. Finally, the explicit calculation of the total OH reactivity 
derived by atmospheric chemistry models (Whalley et  al., 2016) with detailed 
chemical schemes would be very valuable to perform a direct comparison with mea-
surements, but it is still challenging due to the large number of compounds (espe-
cially issued from multi- oxidation) involved.
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Abstract In the context of 3 ChArMEx field campaigns conducted in summer 
2012 and 2013, 16 boundary-layer pressurized balloons (BLPBs), carrying ozone 
payloads, were launched over the western Mediterranean from 3 sites, in order to 
measure photochemical ozone formation. Such balloons allow a quasi-Lagrangian 
monitoring approach, at least over selected measurement periods. Rather slow net 
ozone growth rates, ranging from +1.2 to +2.2 ppbv h−1, were observed in the 
Mediterranean lower troposphere during ChArMEx. On the contrary, larger values, 
up to about +15 ppbv h−1, had been encountered during the 2001 ESCOMPTE sum-
mer campaign around Marseille, mostly over land. Differences could be due to dif-
ferent meteorological and flight conditions during both periods. Also decreased 
precursor emissions (NOx, VOC), as well as enhanced dilution during long-range 
flights over the sea, should contribute to smaller photochemical ozone forma-
tion rates.
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1  Introduction

The Mediterranean basin is one of the world’s hot spots for tropospheric ozone 
(e.g., Richards et al., 2013; Sicard et al., 2013; Gaudel et al., 2018). For the western 
basin, Richards et al. (2013) report summertime average surface ozone mole frac-
tions of more than 55–60 ppbv for rural stations in Italy, eastern Spain, and Malta. 
In their review paper on tropospheric ozone, Monks et al. (2015) point out the vari-
ous deleterious impacts of this gas: on human health (up to 20% of casualties related 
to atmospheric pollution), on vegetation (affecting forest and crop yield, as well as 
the capacity of CO2 uptake into the biosphere), and also as a greenhouse gas.

The photochemical production rate of ozone – thereafter P(O3) – is triggered by 
the radical or light-induced oxidation of volatile organic compounds (VOCs) and 
carbon monoxide (CO) in the presence of Nitrogen oxides (NOx). P(O3) thus depends 
on the availability of ozone precursors, VOCs/CO and NOx, and on the availability 
of radicals formed by photolysis processes (see also the chapter by Gros & Zannoni, 
2022). Relationships between these factors and P(O3) are complex and lead to the 
existence of chemical regimes, in which P(O3) is limited by the availability of either 
VOCs or NOx (e.g., Kleinman, 2005) or both of them. The regimes are delineated by 
the reactivity of OH radicals to NOx or VOC precursors (Kirchner et al., 2001; Sinha 
et  al., 2012). Summertime photochemical ozone production over the western 
Mediterranean basin is generally NOx-limited (Beekmann & Vautard, 2010).

P(O3) from both natural and anthropogenic species emitted in the atmosphere is 
now recognized as being the dominant source term in the global tropospheric ozone 
budget, relative to transport from the stratosphere (Monks et al., 2015 and references 
therein). The tropospheric ozone budget was typically studied by means of numerical 
models (e.g., Young et al., 2013), but nevertheless, attempts have been made to esti-
mate ozone photochemical production in the troposphere from in situ measurements. 
Coll et al. (2005), for instance, report estimations of ozone production in a polluted 
boundary layer on the French Mediterranean coast by means of ground-based mea-
surement of peroxy radicals and NO at a rural site, and airborne measurements of the 
photo-stationary state (NO, NO2, O3, and photolysis rate JNO2) in the area.

Estimations of P(O3) are most often made in Eulerian frames. A difficulty with 
the Eulerian point of view is that advection is a major term in the local ozone bud-
get, but difficult to assess unless a numerical chemical transport model is used. 
Although being challenging in field studies, the Lagrangian approach is especially 
relevant, since chemical reactions are the only cause of air composition changes in 
a Lagrangian volume (assumed to be transported by the local wind with negligible 
mass exchange across its boundaries). Among the different strategies to carry out in 
situ observations in a Lagrangian frame (reviewed in Businger et al., 1996, 2006, 
and Gheusi et al., 2016), the use of constant-volume balloons (CVBs) offers the 
capability to drift with the wind at constant density (isopycnic) levels and thus to 
follow quasi-Lagrangian trajectories. In this chapter, we report ozone net produc-
tion rates obtained over the western Mediterranean with CVBs deployed in summer 
2012 and 2013  in the framework of the Chemistry-Aerosol Mediterranean 
Experiment (ChArMEx) field campaigns (Di Biagio et al., 2015; Mallet et al., 2016).
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2  Boundary-Layer Pressurized Balloons and Adapted 
ECC Sondes

Boundary-layer pressurized balloons (hereafter abbreviated as BLPBs) are a class of 
CVBs developed since 1972 for scientific applications in the tropical atmospheric 
marine boundary layer (Cadet & Ovarlez, 1976) and operated by the French Space 
Agency CNES (Centre National d’Etudes Spatiales; https://cnes.fr/en). These balloons 
have the capability to transport light scientific payloads for several weeks (depending on 
the amount of energy needed) and to transmit data via satellite communication. They 
have been deployed for atmospheric dynamics studies over the Arabian Sea and Indian 
Ocean (Cadet & Ovarlez, 1976; Cadet, 1981; Reverdin & Sommeria, 1983; Ethé et al., 
2002; Duvel et al., 2009), the South Atlantic Ocean (Ethé, 2001), the Sahel in Africa, 
and the Mediterranean Sea (Doerenbecher et al., 2016). For the ChArMEx project in the 
Mediterranean, the balloon was further developed to offer flight possibilities higher up 
in the lower free troposphere and to accommodate atmospheric chemistry payloads, 
namely, for aerosol (Renard et al., 2018) and ozone measurements (Gheusi et al., 2016).

Electrochemical concentration cell (ECC) sensors (Komhyr, 1969) are used 
worldwide below light balloons for tropospheric and stratospheric ozone soundings 
(Smit and the ASOPOS panel, 2011). Ambient air is pumped at constant volumetric 
flow rate and bubbles into a cathode chamber filled with a potassium iodide solution, 
thus generating a current (of a few μA) proportional to ozone mole fraction in air. 
During two ESCOMPTE field campaigns in 2000 and 2001 near Marseille on the 
French Mediterranean coast (Cros et  al., 2004), conventional ECC sondes were 
operated under CVBs for up to 6  hours within the continental boundary layer 
(Bénech et al., 2008). However, the lifetime of a conventional ECC sonde is limited 
to a few hours (mainly due to electrolyte evaporation in the cathode chamber). In 
collaboration with the ChArMEx research community, CNES also developed in 
2011–2012 a new ozone payload based on the ECC technology, but suited for long- 
duration flights aboard BLPBs. To increase the sonde autonomy, a strategy was 
adopted of short measurement sequences (2–3 min) repeated, e.g., every 15 minutes. 
The rest of the time, the sondes were quiescent (pump off). All details concerning the 
payload, laboratory validation, and field deployment are given in Gheusi et  al. 
(2016), including outdoor ground-based tests prior to the ChArMEx campaigns that 
demonstrated the ability to provide 10% accurate measurements over 5 days, at a 
rate of one data point every 15 minutes, and to capture ozone diurnal cycles as well 
as variations on shorter time scales. Figure 1 shows the balloon and ozone payload.

3  Ozone Production over the Mediterranean as Seen 
from the BLPBs

In the context of 3 ChArMEx field campaigns conducted in summer 2012 and 2013, 
16 BLPBs carrying ozone payloads were launched over the western Mediterranean 
from 3 sites, as represented in Fig.  2a, b, and detailed in Table  1. The TRAQA 
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Fig. 1 (a) Photo of the BLPB B54 launch unpressurized from Minorca Island in June 2013. (b) 
Photo of the ozone payload hanging below the balloon B59 before launch from the Levant Island 
in July 2013. Details on the ozone-equipped balloon flights are given in Table 1. (Photographs by 
courtesy of François Dulac, CEA/LSCE)

Fig. 2 (continued) Other plots show selected flight segments during which the role of photo-
chemistry in the observed ozone trend is considered as most likely (see Table 1). Middle plots 
show boundary- layer flight segments: (c) from Martigues; (d) from the Levant Island. Bottom 
plots show free tropospheric flights from Minorca Isl.: (e) balloon B55; (f) balloon B57. Common 
to all panels but only displayed in panel a, the color code refers to observed ozone mole fraction 
(in ppbv), and the dot size refers to on-board measurement of global solar irradiance (in W m−2). 
(Data from Gheusi et al., 2016)

(June–July 2012) and the SAFMED (July–August 2013) campaigns were mainly 
designed to study anthropogenic pollution transport and chemistry over the western 
Mediterranean basin (Di Biagio et  al., 2015). The two respective launch sites  – 
Martigues (43°19.96′ N, 5°05.22′ E) and the Levant Island (43°01.31′ N, 6°27.61′ 
E) – were located on the southeast French coast, a major source region of anthropo-
genic pollution in France (Cachier et al., 2005). The balloon ceiling levels, ranging 
within 200–700 m above the sea, were chosen to sample the atmospheric marine 
boundary layer. The ADRIMED campaign (June–July 2013) was mainly devoted to 
characterizing aerosol optical properties during dust transport episodes from the 
Sahara (Mallet et al., 2016), again over the western Mediterranean basin. The chosen 
launch site – Sant Lluís (39°51.98′ N, 4°15.30′E) – was on Minorca Island, which is 
remote from anthropogenic emission sources, but located on the pathway of Saharan 
dust plumes to the north and north-west. The higher flight levels around 2–3 km tar-
geted the free troposphere, where dust transport mainly occurs (Chazette et al., 2016).
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Fig. 2 Top plots provide an overview of the 16 BLPB-ozone flights during 3 ChArMEx cam-
paigns: (a) boundary-layer flights during TRAQA 2012 (from Martigues) and SAFMED 2013 
(from Levant Isl.); (b) free tropospheric flights during ADRIMED 2013 (from Minorca Isl.).
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As it can be deduced from the ozone levels reported in Table 1, Fig. 1a, b, and 
Fig. 2a, no major ozone pollution episode was experienced during the 2012–2013 
balloon campaigns. During a given flight, ozone varied by less than 25 ppb around 
flight averages ranging between 30 and 60 ppbv. Except in two cases (22 July and 4 
August 2013), surface ozone values measured on the balloon launch pad did not 
exceed 60 ppbv (Table 1).

A decade earlier, two field campaigns were held on the French Mediterranean 
coast in summer 2000 and 2001 during the ESCOMPTE program (Cros et al., 2004). 
To quantify net photochemical ozone production within air masses sampled by 
ozone-equipped CVBs during these campaigns, Bénech et al. (2008) developed a 
method for identifying flight segments, during which the balloon trajectory could be 
considered as quasi-Lagrangian. Constant specific humidity was an indication that 
the balloon flew within a homogeneous and coherent air mass. Conversely, changes 
in specific humidity indicated turbulent transport or the fact that the isopycnic trajec-
tory crossed the boundary between two air layers. Gheusi et al. (2016) adopted a 
similar strategy of selecting flight segments when analyzing the data from the 
ChArMEx BLPBs. Flight segments showing noteworthy ozone growth were retained, 
and in situ production/destruction was considered to cause the ozone trend, only if (i) 
the event had a duration of at least 4 h and (ii) no concurrent specific humidity trend 
was observed. Unlike specific humidity, which is a passive tracer in unsaturated air, 
temperature may vary in a Lagrangian air mass by diabatic heating/cooling. 
Therefore, temperature was not considered in our criteria. Flight segments during 
which the role of chemistry on the ozone trend is the most likely are tagged “Yes” in 
Table 1 and illustrated in Fig. 2c–f. If concurrent humidity changes occurred, the 
segments were tagged “Poor.” Observed ozone trends were more or less linear with 
time, and rates (reported both in Gheusi et al., 2016 and here in Table 1) were esti-
mated manually from curves. These trends all occurred during the daytime and 
mostly in the morning (Table 1). Given the flight altitudes between 200 and 900 m 
over sea indicated in Table 1, and given a typical marine boundary layer height of 
about several hundred meters without large diurnal variation (Stull, 1988), encoun-
tered air masses were either located within the marine boundary layer, or above, in a 
residual layer probably still influenced by continental emissions. In both cases, tur-
bulence is expected to be much less pronounced than in a continental boundary layer.

A feature common to both Bénech et al. (2008) and Gheusi et al. (2016) is that 
ozone increase was found in a majority of cases (Fig. 2b). Among the ChArMEx 
cases with likely ozone photochemical production, flight B55 (Fig. 2e) is especially 
interesting because the balloon was not designed to fly in the boundary layer, but 
higher in the free troposphere. Despite this, a positive trend of +1.2 ppbv h−1 was 
observed, lasting more than 7 hours during the daytime. This was one of the rare 
direct observations of ozone production in the free troposphere (if not the first in a 
Lagrangian frame). Like during ESCOMPTE, few cases with negative ozone change 
rates were also reported by Gheusi et al. (2016). Among them, B57 (Fig. 2f) was a 
free tropospheric flight with presumably slow ozone destruction. In absence of any 
other data, it is hard to speculate on a cause for such destruction during the daytime. 
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Fig. 3 Box-and-whisker comparison of values reported by Bénech et al. (2008) and Gheusi et al. 
(2016) from tropospheric constant-volume balloons carrying ozone sensors: (a) ozone change 
rates (ppbv h−1) during selected flight segments; (b) in-flight average ozone mole fraction (ppbv)

The role of destruction in the observed ozone decrease is less certain in two other 
cases (B65 and B69, Table 1) given the concurrent variation in specific humidity.

Focusing on the boundary layer, i.e., on TRAQA and SAFMED flight segments 
below 700 m with qualified ozone trend, the net photochemical ozone production 
rates range from +1.2 to +2.2 ppbv h−1 (Table 1). When integrated over the measure-
ment intervals (generally ~6 h in the morning), those rates correspond to an ozone 
buildup of 8–13 ppb (Table 1). Larger, but also more variable, net photochemical 
production rates than during TRAQA and SAFMED were reported by Bénech et al. 
(2008) during ESCOMPTE, with a median value of about 3 ppbv h−1 (Fig. 3a). Like 
during TRAQA and SAFMED, the ESCOMPTE CVBs were launched from the 
French southeast coast, but this time, they flew mostly inland, where higher ozone 
concentrations were observed than over sea during ChArMEx (Fig. 3b).

Based on surface and airborne observations, as well as a chemical transport 
model, Coll et al. (2005) reported estimations of ozone gross production rates of a 
few tens of ppbv h−1 for an ESCOMPTE intensive observation period, characterized 
by intensive photochemistry and strong ozone pollution. The production rates 
reported for this case are even higher than those in Bénech et al. (2008) with CVBs. 
For a coastal site in south-west Spain and surface observations, Sinha et al. (2012) 
similarly found gross ozone production rates above 10 ppb h−1 near the surface dur-
ing most of the daytime.

Unlike gross ozone production rates calculated from surface measurements, pro-
duction rates derived from CVB ozone observation reflect the net ozone buildup, in 
which chemical sinks are taken into account. Thus, gross ozone production rates are 
by definition larger than net ones, an effect which is largest in remote conditions. 
This is seen at the Finokalia coastal background site in Crete, where chemical ozone 
production and destruction rates nearly cancel out when averaged over a whole 
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summer season: summer net ozone change rates typically vary between ±2 ppbv h−1 
(Gerasopoulos et al., 2006). In Sinha et al. (2012), the net ozone growth rate directly 
derived from surface ozone measurement was reported to be of 1.9 ppbv/ h−1 on 
average over their experimental campaign, so much smaller than the gross produc-
tion rates above 10 ppb h−1. These net results are much more in line with our balloon 
observations.

Beyond distinguishing gross vs. net values, how can such large differences in 
ozone production rate estimations be explained? First, the altitude of measurements 
can play a major role, ozone precursor concentrations being expected to be larger at 
the ground than a few hundred meters above (our typical balloon ceiling altitude), 
even within the boundary layer. Second, the results depend on the distance to source 
regions, again because of the availability of ozone precursors. This is consistent 
with larger P(O3) values observed during the ESCOMPTE campaign near the source 
regions around the Marseille and Fos-Berre industrial regions, than during the 
ChArMEx flights, where distances from sources were in the range 100–1000 km. 
The ESCOMPTE values are also larger than those at Finokalia in Crete, typically 
several hundreds of km away from any pollution source regions in eastern Europe, 
Greece, and Turkey. To quantify the remoteness of the experimental areas consid-
ered in the different studies, we indicate here ranges of daytime NO concentrations 
for each region: during ESCOMPTE, they were typically between 0.5 and 1.5 ppbv 
when the studied rural site of Dupail was affected by the urban-industrial plume 
from Marseille-Fos-Berre (Coll et  al., 2005); during ChArMEx 2013, they were 
generally in the range 0.1–0.3 ppbv at 535 m altitude at Ersa (Corsica), a remote 
coastal site on the northern tip of Corsica (Lambert et al., 2011) representative of the 
marine boundary layer in the western Mediterranean (daily 75 percentiles over the 
period 1 June–12 August 2013 were considered here as representative of NO day-
time values); and they were typically less than 0.1 ppbv at Finokalia (Gerasopoulos 
et al., 2006). In terms of both distance from source regions and NOx levels, it appears 
that ChArMEx oversea balloon flights encountered intermediate conditions between 
polluted and remote areas, not yet covered by former measurements. This is an 
important result from this campaign.

Also, the meteorological context of CVB flights during ESCOMPTE, and during 
TRAQA and SAFMED on the other hand, was different. For public safety reasons, 
wind conditions in which the balloons could fly over the land were systematically 
avoided during TRAQA and SAFMED. Thus, moderate conditions of the regional 
northwesterly land wind called mistral were preferred to calm and warm anticy-
clonic conditions, although the latter are more favorable to ozone production. 
Indeed, coastal sea breezes generally develop during the daytime in such conditions 
and could bring back the balloons inland. During ESCOMPTE in contrast, flights 
over the land were in majority (Bénech et al., 2008). Also, the chemical composi-
tions of the continental and marine boundary layers are expected to be different. In 
the marine case, there are no precursor emissions from the sea surface nor dry depo-
sition, but more humidity, which favors radical formation, via the O(1D) + H2O reac-
tion, and may enhance both ozone chemical production and destruction, depending 
on NO levels. These factors could thus strongly influence the comparison.
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One last reason is long-term changes in ozone precursor emissions and atmo-
spheric composition. Obviously, the atmospheric context encountered in 2000–2001 
during ESCOMPTE was more favorable to photochemical ozone production, than 
later in 2012–2013 during ChArMEx. Sicard et al. (2013) studied the decadal evolu-
tion of ozone levels over 2000–2010 from a large panel of European air quality 
stations around the western Mediterranean basin. They found an overall decrease of 
ozone peak values (98th percentile) over the decade, attributed to European reduc-
tion policies of ozone precursor emissions (NOx, non-methane VOCs, and CO). A 
similar result (decrease in ozone 95th percentile) was reported by Yan et al. (2018) 
for all Europe for the 1995–2014 period. Richards et al. (2013) model results further 
indicate that Mediterranean surface O3 levels are the most sensitive to regional NOx 
emissions. French, Italian, and Spanish anthropogenic NOx emissions decreased by 
56%, 44%, and 38%, respectively, between 2001 and 2013, and those of anthropo-
genic VOC by 38%, 35%, and 38% according to the EMEP emission database 
(https://www.ceip.at/webdab_emepdatabase/emissions_emepmodels, consulted in 
March 2020). Decreasing trends in high ozone percentiles are consistent with ozone 
pollution episodes of weaker intensity in 2012–2013 than in 2000–2001.

4  Conclusions and Recommendations

As seen from space and atmospheric modeling, the Mediterranean basin is well 
known as a summer hot spot for surface and tropospheric ozone (Richards et al., 
2013). This is supported by land surface observation data from the dense network of 
air quality stations deployed around the basin (Sicard et al., 2013; Gaudel et al., 
2018). Yet, the marine lower troposphere remained largely unexplored in situ, in 
terms of both ozone levels and production rates. Sixteen ozone-equipped BLPB 
flights conducted during the three ChArMEx field campaigns in 2012 and 2013 
intended to fill this gap. In situ net ozone production was found over sea during 
daytime in a majority of cases, in both the marine boundary layer and the free tro-
posphere, but at lower rates than generally observed over the land in polluted coastal 
areas in the Mediterranean basin. Ozone levels and net production rates were never-
theless higher than those found in very remote marine environments (e.g., Williams 
et al., 2010). The interpretation of ozone concentration dynamics observed during 
each flight remains here limited by the absence of concurrent measurement of ozone 
precursors. Based on literature data, we nevertheless conjecture that, although 
launched from relatively polluted areas, the balloons flew in air masses with limited 
availability of ozone precursors, likely present at intermediate concentration levels 
between polluted and remote atmospheres. Despite this, daytime ozone buildup of 
~10 ppbv in 6  h was frequently observed and could contribute to forming the 
Mediterranean tropospheric ozone pool, in the absence of surface deposition and 
titration at night.

This original data set composed of both ozone levels and derived net production 
rates should now be considered as an important observational constraint for 
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numerical chemical transport modeling studies, which would provide a quantifica-
tion of precursor concentrations and actinic fluxes and help to characterize the main 
chemical processes in play in the lower troposphere over the sea. This also would 
allow a more quantitative discussion of determining factors of P(O3). Although the 
difference has not been properly quantified, the operational air quality model fore-
casts used during the ChArMEx campaigns to help balloon flight planning were 
generally overestimating ozone concentrations over the basin. A better understand-
ing of ozone chemistry processes should improve air quality models and forecasts 
around the Mediterranean basin, which is important in a context of changing cli-
mate and emissions, that will affect regional ozone levels.
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Abstract Among the formation pathways of secondary aerosols, nucleation is the 
process responsible for the formation of new nanoparticle clusters (as opposed to 
the process of condensation onto pre-existing particles), observed in a variety of 
environments. The processes of nucleation and early growth lead to the occurrence 
of new particle formation (NPF) in the atmosphere. NPF has frequently been 
observed in the Mediterranean basin, and a full overview of measurements of this 
process over the Mediterranean is given. The nature of the precursors to new parti-
cles in the marine environment is however an open question, which is addressed by 
correlative studies between NPF burst and enhanced concentrations of potential pre-
cursors. NPF events contribute to the production of cloud condensation nuclei 
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(CCN), but competition effects for available water vapour need to be taken into 
account and limit the increase in the cloud droplet number (CDN) due to 
Mediterranean NPF events.

1  Introduction

Nucleation is a process responsible for the formation of new nanoparticle clusters 
from gas-phase precursors, observed in a variety of environments. Triggered by pho-
tochemical processes, oxidized lower volatility products are formed, of which some 
have the properties of nucleating into new particulate clusters. There are relatively 
few precursor species for nucleation as this requires that they have an extremely low 
saturation vapour. The species most commonly considered to trigger nucleation is 
sulphuric acid  (Spracklen et  al., 2008), although it was more recently shown that 
ammonia (Dunne et al., 2016), iodide (O’Dowd et al. 2002; Sipilä et al., 2016) or 
biogenic organic compounds (Kirkby et al., 2016; Rose et al., 2018) are also involved. 
Once particle clusters are formed by nucleation, they may be scavenged onto pre-
existing particles by coagulation if they do not rapidly grow to larger sizes by conden-
sation of compounds that may be of different nature than the nucleating ones. Thus, 
the early growth of newly formed clusters is also an important process. The processes 
of nucleation and early growth lead to the occurrence of new particle formation 
(NPF) in the atmosphere.

2  Overview of Observations of NPF 
in the Mediterranean Basin

NPF has frequently been observed in the Mediterranean basin. At Finokalia, Crete, 
NPF events were detected with an average frequency close to 30% (Pikridas et al., 
2012; Berland et al., 2017; Kalivitis et al., 2019). The highest frequency of NPF 
events was detected during late winter/spring time (as usually observed at continen-
tal stations; Manninen et  al., 2010), reaching during this season close to 50% 
(Pikridas et al., 2012; Berland et al., 2017; Kalivitis et al., 2019). In Corsica, mea-
surements performed at Ersa in the framework of the ChArMEx project show the 
same seasonal variation as the one observed at Finokalia (35.335°N, 25.670°E) in 
Crete for the NPF events frequency (Berland et al., 2017). In Cyprus, new particle 
formation events, also analysed in the framework of ChArMEx, occurred with a 
66% frequency over a 3-week period in spring at the CAO regional background site 
(35.039°N, 33.058°E; Debevec et al., 2018). The majority of the NPF events started 
from the nanometric size (2 nm), indicating that nucleation occurred locally. Newly 
formed clusters then showed a clear and continuous growth to larger sizes, 
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Fig. 1 Number size distribution of particles measured simultaneously in Corsica (Ersa) and 
Mallorca in July 2013 and showing that NPF occurs at the two sites during the same period. 
(Adapted from Berland et al., 2017)

indicating nucleation also occurred at the regional scale. High new particle number 
concentrations were detected, exceeding 3 104 cm−3 on two thirds of the detected 
events (Sciare et al., “personal communication”). New particle formation rates of 
10  nm particles observed in the Mediterranean area (seasonal medians 
0.4–0.6 cm−3 s−1; Kalivitis et al., 2019) are, however, at the lower end of NPF rates 
reported in the literature for coastal sites of the Baltic Sea and Atlantic and Pacific 
Oceans (0.4–1.5 cm−3 s−1; Kulmala et al., 2004), but particle diameter growth rates 
are similar to those measured in other marine environments (2.6–6.8  nm  h−1 at 
Mediterranean sites, Kalivitis et al., 2019, vs 5.4–6.7 nm h−1 for Atlantic Ocean and 
Baltic Sea coastal sites, Manninen et al., 2010). As often reported in the literature, 
the seasonal variation of nucleation rates has a different pattern than the one 
observed for the newly formed particles’ growth rates, indicating different precur-
sors to each of these NPF successive steps. A slightly decreasing trend in the new 
particle growth rates has been reported at Finokalia over the years 2008–2015 and 
attributed to a decrease in anthropogenic SO2 concentrations in the Eastern 
Mediterranean sector (Kalivitis et al., 2019). In the work by Berland et al. (2017), a 
statistical analysis on ChArMEx and other data was performed on NPF occurrence 
and characteristics at three Mediterranean sites (Mallorca, Corsica and Crete) dur-
ing the same period of several months. The study revealed that NPF is observed 
simultaneously at all stations, confirming the spatial extent of the nucleation and 
growth process over several hundred kilometres (Fig. 1).

Airborne measurements performed above the Mediterranean Sea between 500 
and 3000 m above sea level revealed contrasting situations, with particle clusters 
either formed in the marine boundary layer, or initially nucleated above the conti-
nent or in the free troposphere (FT) and further transported above the sea (Berland 
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et al., 2017). The large spatial extent of NPF events over the Mediterranean Sea, 
independent of the air mass origin, indicates the potential contribution of marine 
precursors to nucleation.

3  Nucleation from Marine Sources?

Despite their importance, our ability to correctly describe and numerically simulate 
marine aerosols is still limited by the poor understanding of the link between aero-
sol formation/evolution at the air-sea interface and the properties of the seawater 
below. Mesoscale models are unable to reproduce the number concentrations of 
aerosol particles in the marine boundary layer and their impact on cloud properties 
(Merikanto et al., 2009), and a large uncertainty in the projection of future climate 
can be attributed to a lack of knowledge on marine aerosols (Carslaw et al., 2013). 
Tidal coastal areas display one of the highest nucleation rates (Kulmala et al., 2004) 
when macroalgae are exposed to ambient air during low-tide conditions (O’Dowd 
et al. 2002). However, in the open marine boundary layer, nucleation has never been 
directly evidenced, although it has been strongly suspected from measurements of 
grown nucleated particles at 20 nm in pure marine air masses of the Atlantic Ocean 
(O’Dowd et al., 2010). In the Mediterranean area, the marine aerosol emission path-
ways may be different from other parts of the world, due to the specific temperature 
range and oligotrophic properties of the seawater (Moutin et al., 2012) and due to 
high radiation and ozone levels in the atmosphere (Berresheim et al., 2003) that lead 
to an intense photochemical activity over a large period of the year. Airborne mea-
surements within HYMEX, a sister project of ChArMEx under the MISTRALS 
programme  umbrella  (https://programmes.insu.cnrs.fr/en/mistrals- en/), showed 
high levels of nanoparticles in the 5–10 nm size range above the Mediterranean Sea, 
particularly at altitudes between 1 and 3 km (Fig. 2; Rose et al., 2015).

The nature of the precursors to new particles in the marine environment remains 
an open question. The major constituents of secondary marine aerosol are consid-
ered the nss-sulphates and methane sulfonic acid (MSA), but also iodine and organic 
species have been proposed as possible secondary aerosol precursors (O’Dowd 
et al., 2002; O’Dowd and De Leeuw 2007). In tidal coastal areas where NPF have 
been observed, iodine species released by macroalgae were identified as the main 
precursor to new particles through indirect measurements (O’Dowd et  al. 2002; 
McFiggans et al., 2004; Sellegri et al., 2005) and direct measurements (Allan et al., 
2015). Over open oceans, the link between phytoplankton and iodine emissions is 
still unclear (Thorenz et al., 2014), and dimethyl sulfide (DMS) is commonly pro-
posed as the main species driving secondary aerosol number production and influ-
encing the number of CCN since the early 1990s (Charlson et al., 1987; Fitzgerald, 
1991). Thus, DMS is the one species still implemented in present global models 
(Bopp et al., 2003; Boucher et al., 2003), even though it is recognized that other 
CCN sources are required to explain observations (Sorooshian et al., 2009; Quinn & 
Bates, 2011). However, the capacity of DMS to form new particles has only been 
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Fig. 2 Particle concentration in the size range 5–10 nm as a function of altitude observed from 
airborne measurements above the Mediterranean Sea in the frame of the HYMEX project. (After 
data from Rose et al., 2015)

demonstrated from recent laboratory measurements (Chen et  al. 2017; Li et  al., 
2018; Wen et al., 2019), but not from ambient measurements.

It is difficult to detangle different precursor sources from ambient measurements. 
Hypothesis on the aerosol precursor has to be driven from indirect evidences such 
as covariations between precursors to oxidized, low volatility species and nanopar-
ticle concentrations. Using this method, Debevec et  al. (2018) found that NPF 
events detected at the Cyprus station within ChArMEx could not be explained by 
sulphuric acid concentrations. On some occasions they were strongly correlated to 
biogenic organic precursors (isoprene and monoterpene oxidation products), but on 
other occasions neither the vegetation nor anthropogenic sources could explain the 
high nucleation rates. In the case of Crete, Pikridas et al. (2012) as well concluded 
that nucleation was not limited by the availability of SO2 alone, as nucleation events 
did not systematically take place during periods with high sulphuric acid concentra-
tions. Other measurements, performed on the Island of Porquerolles in 2007, show 
that NPF events are favoured by the sea breeze/land breeze local dynamics that 
bring land-originating compounds over the sea during the night, where these com-
pounds are oxidized to nucleate during the day before being transported back to the 
island (Piazzola et al., 2012). In coastal areas, a mixture of compounds from differ-
ent origins likely coexists that may induce an enhanced production of condensable 
vapours. In the framework of the SAM (Sources of Aerosols in the Mediterranean) 
project as part of the MISTRALS/ChArMEx and MERMEX projects, mesocosms 
enclosing both seawater and a portion of the atmosphere above have been used to 
derive direct fluxes of nanoparticles formed from seawater emissions. These experi-
ments were performed on seawater from the bay of Calvi, Corsica. Results showed 
that (1) new particle clusters can be formed with a high formation rate from marine 
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emissions in non-tidal waters in a confined volume; (2) cluster concentrations cor-
relate with iodine compounds that have condensed onto larger particles; (3) iodine 
concentrations in the particulate phase correlate with phytoplanktonic species; (4) 
amines of biological origin are linked to the early growth of newly formed clusters; 
and (5) no correlation was found between DMS and MSA or a proxy of sulphuric 
acid and cluster concentrations (Sellegri et al., 2016). Over the Mediterranean Sea, 
it is possible that the high level of ozone promotes the formation of new particle 
clusters from iodine oxides rather than from DMS oxidation products, which might 
be a specificity of the region compared to other oceanic environments.

In Lampedusa, one of the sites with intensive measurements during the ChArMEx 
project, located in the far southeastern part of the Mediterranean Sea (36°4′24″ N, 
14°13′9″ E), hence less prone to coastal anthropogenic activities from the northern 
coast of the Mediterranean Sea, NPF events were detected only in air masses origi-
nated from the Atlantic Ocean (either “Mistral” cases or “Atlantic” cases) (Mallet 
et al., 2019). The most pronounced event was a night-time event, hence not trig-
gered by photochemical processes, and it had a signature of MSA in the accumula-
tion mode suggesting possible condensation from marine biogenic vapours.

4  Impact of NPF on Cloud Condensation Nuclei (CCN) 
and Cloud Droplet Number (CDN)

The growth of newly formed particles to size ranges relevant for the formation of 
cloud droplets (i.e. about 100 nm for a supersaturation of 0.2%) was investigated at 
Finokalia (Kalivitis et al., 2015; Kalkavouras et al., 2019) and Cyprus (Gong et al., 
2019). NPF events contribute to the production of cloud condensation nuclei (CCN) 
on the day NPF occurs (Gong et al., 2019), but also when new particles formed the 
previous day are grown to CCN sizes (Kalivitis et al., 2015). The average contribu-
tion of NPF to CCN concentrations is 29% at 0.1% supersaturation, but this contri-
bution varies according to the level of pre-existing particles. Under clean conditions 
that represent 40% of NPF event days, the contribution of NPF particles to CCN 
concentration at 0.1% supersaturation reaches 40% of CCN concentrations 
(Kalkavouras et al., 2019). However, an impact on CCN does not necessarily trans-
late into a similar impact on cloud droplet numbers (CDNs). In a CCN chamber, 
water vapour availability is infinite, which is not the case in a real cloud. In real 
clouds, there are competition effects for available water vapour. Due to these com-
peting effects and to the low water supersaturations reached in Mediterranean 
clouds, NPF-issued particles would contribute to only 7–13% of the totally formed 
cloud droplet number.
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5  Conclusion and Recommendations

Nucleation and growth of new particles were found to be ubiquitous in the 
Mediterranean atmosphere, from coastal sites to the open Mediterranean Sea atmo-
spheric boundary layer and free troposphere. However, the identification of the 
exact chemical precursors to this process is missing. The measurement of the con-
centration of nanometric cluster particles, simultaneously with potential precursor 
gases of low volatility, is a prerequisite to understand the contribution from the dif-
ferent sources (marine, anthropogenic, vegetation, or a combined effect of different 
sources) to the process of nucleation. These measurements should be performed 
both in the ambient atmosphere and in semi-controlled environments representative 
of each source type. There has also been a lack of modelling studies dedicated to the 
study of nucleation in the Mediterranean atmosphere that would have helped in test-
ing the different hypotheses for potential nucleating species (H2SO4 vs iodine 
oxides, for instance). For the purpose of testing the nucleation process, mesoscale 
chemical transport models should include an aerosol dynamical module that deals 
with the evolution of the aerosol population number concentration, while most 
models solve transfer processes by mass. At last, for documenting the evolution of 
new particle formation frequency and intensity in the Mediterranean atmosphere in 
the future years, it is necessary to rely on background monitoring research stations, 
such as the Cyprus Atmospheric Observatory (CAO; https://emme- care.cyi.ac.cy/
cyprus- atmospheric- observatory- cao/, last access 22 July 2022) in Cyprus and 
Finokalia Atmospheric Observatory (FKL; https://deims.org/d16cc035- 054d- 4b0e- 
9e19- 6e9ec10aecd0, last access 22 July 2022) in Crete.
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Abstract Measurement studies using particle into liquid sampler coupled with an 
ion chromatograph (PILS-IC), aerosol mass spectrometer (AMS), or aerosol chemi-
cal speciation monitor (ACSM) show a large fraction of organics and sulfate in fine 
particles in summer over the western and eastern Mediterranean. Different forma-
tion pathways of organic aerosol (OA), from anthropogenic and biogenic precursors 
of continental or marine origin, are discussed and quantified, using observations and 
modeling. The contribution of specific formation pathways, such as autoxidation of 
biogenic VOC precursors, is estimated. OA properties and their seasonal variation, 
in particular oxidation state and related solubility, are discussed. The temperature 
sensitivity of secondary OA formation differs for different aerosol modeling 
schemes, which is important to take into account when predicting aerosol in a future 
warmer climate. Over the Mediterranean, sea salt is an important fraction of the 
coarse aerosol and interacts with the soluble organic aerosol.
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1  Introduction

The Mediterranean region is considered as one of the prominent regions that could 
be detrimentally impacted by climate change with an increase in temperature and in 
formation of secondary aerosols (Cholakian et al., 2019a). Depending on the atmo-
spheric circulation, natural aerosols (desert dust and sea salt) are dominant com-
pounds of PM10 concentrations over the western Mediterranean (Menut et al., 2015; 
Rea et al., 2015; Di Biagio et al., 2016; Schepanski et al., 2016; Guth et al., 2018), 
which are also influenced by sporadic wildfires (e.g., Pace et  al., 2003; Ancellet 
et al., 2016). Fine particles (PM1 and PM2.5) are dominated by organics (compounds 
formed from the atmospheric transformation of organic species) and inorganics 
(mostly sulfate but also nitrate, ammonium, sodium, and chloride) both over the 
western and the eastern Mediterranean, as shown by PILS-IC, ACSM, and AMS 
measurements. ACSM and AMS instruments measure the real-time chemical com-
position and mass loading of non-refractory aerosol compounds (sulfate, nitrate, 
ammonium, chloride, and organic compounds) of particles with aerodynamic diam-
eters typically between 70 and 1000 nm (PM1). A large fraction of these inorganic 
and organic aerosols (OA) is secondary (Stavroulas et al., 2019), with influences 
from different sources (biogenic, marine, anthropogenic: traffic, residential heating, 
agriculture, etc.). These fine particles affect both climate and human health. They 
influence the direct radiation budget mostly by scattering sunlight resulting in nega-
tive direct radiative forcing. Moreover, they can act as cloud condensation nuclei 
and hence modify cloud microphysical properties and lifetime. Considering health 
effects, oxidative stress, which is induced by the generation of reactive oxygen spe-
cies (ROS), is suggested as one pathway of OA toxicity. The oxidative potential 
may differ for the different organic precursors. The different measurement stations 
where campaigns were based or long-term observations performed are displayed 
in Fig. 1.

Fig. 1 Map of the ground-based stations involved in campaigns mentioned in this chapter
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Fig. 2 Submicron aerosol composition at Ersa obtained from ACSM measurements between June 
2012 and July 2014. (Data courtesy of Jean Sciare)

In summer, over the western Mediterranean, several measurement studies using 
ACSM or AMS stressed the high fraction of organics and sulfate in fine particles, 
for instance, at Montseny (Minguillón et al., 2015) and at Lampedusa (Mallet et al., 
2019). Measurements performed in the framework of ChArMEx (Chemistry- 
Aerosol Mediterranean Experiment) at Ersa (Corsica, France) are shown in Fig. 2. 
Organics and sulfate represent the two main fractions of the fine aerosols observed 
(Arndt et al., 2017; Chrit et al., 2018a; Mallet et al., 2019), with higher concentra-
tions during summer time. Although the fractions of organic matter (OM) and sul-
fate depend on air masses, during summer 2013, the PM1 composition was similar 
between Mallorca and Ersa: organics dominate the PM1 fraction (45% of OM and 
40% to 42% of sulfate in PM1 at both Cap Corse and Mallorca, respectively, between 
10 July and 10 August 2013).

The eastern Mediterranean is also strongly influenced by sulfate and organics. 
Over the Aegean Archipelago, measurements performed in summer at Vigla and 
Finokalia showed that sulfate and OM accounted for about 40–45% and 20–32% of 
PM1 mass, respectively (Pikridas et  al., 2010; Athanasopoulou et  al., 2015; 
Bougiatioti et al., 2016). High organic concentrations were also observed in Beirut: 
about 35% of PM2.5 during the year 2014 (Abdallah et al., 2018), with higher organic 
fractions in summer. In July 2011, organics accounted for about 50% of PM2.5 
against about 30% for sulfate (Waked et al., 2013). Using 2-year measurements, 
Theodosi et al. (2018) showed that organics and inorganics make about 38% and 
31%, respectively, of PM2.5 concentrations in Athens. In summer, Stavroulas et al. 
(2019) measured that 46% of PM1 are organics, while 31% are made of sulfate.
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Secondary organic aerosols (SOA) are produced through chemical oxidation of 
gaseous organic compounds, among which volatile organic compounds (VOCs). 
The condensable products formed may then condense on organic or aqueous par-
ticulate matter, depending on their affinity with water. In summer, because solar 
radiation and temperature are high, a large fraction of emitted VOCs is biogenic. 
These biogenic VOC emissions are oxidized and are strongly affected by anthropo-
genic compounds, leading to the formation of SOA. The most important biogenic 
precursors of SOA are isoprene, monoterpenes, and sesquiterpenes. The formation 
of biogenic SOA is enhanced by anthropogenic plumes, because of an increase of 
oxidant concentrations and of absorbing mass on which SOA can condense. 
Therefore, reducing anthropogenic emissions may actually reduce the biogenic 
SOA concentration (Carlton et  al., 2010; Sartelet et  al., 2012). Over the United 
States and over Europe, Carlton et al. (2010) and Sartelet et al. (2012) estimated that 
as much as 50% of biogenic OA may be controllable.

In winter, the precursors of OA may predominantly be anthropogenic VOCs and 
I/S-VOCs (intermediate and semi-volatile organic compounds). Over Europe, the 
seasonality of OA due to wood burning and biogenic emissions in winter and sum-
mer, respectively, was pointed out by different studies based on either modeling 
(Couvidat et al., 2012) or measurements (Theodosi et al., 2018; Daellenbach et al., 
2019; Yttri et al., 2019). Organic concentrations are higher during winter than sum-
mer in large cities, such as Athens (Stavroulas et al., 2019). The origins and forma-
tion pathways of these fine particles are now investigated into details using 
measurement and modeling studies.

2  Organic Aerosols

In order to understand the origins and formation pathways of organic aerosols, their 
properties are first described. For modeling purposes, it is important that not only 
the concentrations but also the properties of OA are well understood and repre-
sented, in order to make sure that their formation processes included in the models 
are as close as possible to the reality. Because of the large number of organic com-
pounds that may partition between the gas and particle phases, they are grouped into 
classes in 3D air quality models. Different approaches may be used, depending on 
the model and/or precursor. Over the Mediterranean, two main approaches have 
been used to represent the compounds formed by oxidation of the precursors: a VBS 
approach where the classes are defined depending on the volatility of the com-
pounds (Cholakian et al., 2018; Chrit et al., 2018b) and a surrogate approach where 
each class is represented by a surrogate (Chrit et al., 2017, 2018a, b). The surrogate 
approach differs from the VBS approach by the characterization of each class not 
only by the volatility of the compounds but also by the definition of specific proper-
ties (oxidation, affinity with water, molecular structure).
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2.1  Organic Aerosol Properties

 Carbon Origin

From experiments, the biogenic origin can be studied using high-volume quartz 
filter sampling 14C measurements, which can determine if the organic carbon OC 
has a fossil or a non-fossil origin. Measurements performed over the western 
Mediterranean in summer suggest that most of the OA is from biogenic origins: 
biogenic precursors are processed and nucleate and/or condense to form OA.

At remote locations, this is illustrated by the 14C measurements performed in 
July 2013 during the ChArMEx summer campaign at Ersa and Mallorca. OC is 
mainly of non-fossil origin at both Ersa (84.7 ± 3.1%) and Mallorca (70.1 ± 9.5%). 
We can also note the stability of the contribution of non-fossil OC at Ersa all along 
the summer 2013 campaign indicating a relative independence of the SOA sources 
toward air masses’ history, while Mallorca, due to its location (low altitude and 
closer to anthropogenic emissions sources), is, as expected, more influenced by fos-
sil carbon emissions, than Ersa. Even in cities, this biogenic influence dominates 
during summer. El Haddad et al. (2011a, b) showed, by combining data from an 
AMS (aerosol mass spectrometer), organic markers, and 14C measurements obtained 
in downtown Marseille in summer, that more than 70% of the OA was from second-
ary and with contemporary origins. These high biogenic concentrations in an urban 
area are partly explained by the influence of anthropogenic emissions on biogenic 
SOA formation.

In modeling studies, the carbon origin is determined by tracing the SOA surro-
gates formed from the different precursors. Simulations performed using the surro-
gate and the VBS approaches over the western Mediterranean agree well with 
measurements performed at Ersa during summer 2013 (Chrit et al., 2017; Cholakian 
et al., 2018). Figure 3 shows the ratio of biogenic SOA to OA in PM2.5 (in %) at 
surface during the summer 2013 using the concentrations simulated by Chrit et al. 
(2017). The biogenic contribution reaches 95% at remote locations and is higher 
than 70% over cities. The lowest biogenic SOA contribution to OA is along the ship 
lines (about 55%). However, at higher altitudes (300–450 m), the local anthropo-
genic contribution becomes lower due to slow mixing in the boundary layer over 
marine areas, while biogenic contributions are transported from more distant 
sources and are better mixed (Cholakian et al., 2018).

 Oxidation

From ACSM or HR-ToF-AMS measurements, the ratios of OM/OC and O/C and 
the oxidation state of organics are estimated following Kroll et al. (2011). Positive 
matrix factorization may also be used to identify different “types” of oxidized OA 
(Lanz et al., 2010): HOA (hydrocarbon-like organic aerosol), LVOOA (low volatile 
oxygenated OA), and SVOOA (semi-volatile oxygenated OA). Positive matrix 
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Fig. 3 BSOA/OA ratio in PM2.5 (in %) at surface during the summer 2013, using the concentra-
tions simulated by Chrit et al. (2017)

Table 1 Average (standard deviation) of atomic ratios derived from HR-ToF-AMS results for Ersa 
and Mallorca

Station O/C H/C OM/OC OSc

Ersa 0.92 (±0.11) 1.30 (±0.08) 2.34 (±0.14) 0.53 (±0.28)
Mallorca 0.64 (±0.10) 1.25 (±0.05) 1.97 (±0.13) 0.03 (±0.02)

Courtesy of Nicolas Marchand
The oxidation state (OSc) measures the degree of oxidation of organic compounds

factorization (PMF) on the combined organic-inorganic matrices separate the oxi-
dized organic aerosol into a more oxidized organic aerosol (MOOA equivalent to 
LVOOA) and a less oxidized organic aerosol (LOOA equivalent to SVOOA).

In summer, at remote locations, the organic fractions of the aerosols are very 
oxidized (see Table 1; Chrit et al., 2017; Michoud et al., 2017; Cholakian et al., 
2018; Mallet et  al., 2019) with differences depending on time and location. For 
example, the organic fraction of the aerosols collected at Ersa in July 2013 
(O:C ~ 0.92) is clearly more oxidized than at Mallorca (O:C ~ 0.64). There was a 
global stability of all the atomic ratios all along the campaign of July 2013 at both 
Ersa and Mallorca, suggesting a constant income of highly oxidized OA (LVOOA). 
Mallet et al. (2019) showed that at Lampedusa in June 2013, OA is also very oxi-
dized with a ratio O:C about 1. They also found that MOOA was the dominant fac-
tor (53% of the PM1 OA mass) and it was well correlated with sulfate.

In the framework of the ChArMEx and the ANR project SAFMED (Secondary 
Aerosol Formation over the Mediterranean), Freney et al. (2018) measured in late 
June–early July 2013 that 60–72% of PM1 aerosols are organics and very oxidized 
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(O:C ~ 1.05) over forested regions in the south of France. The MOOA component 
was strongly associated with inorganic species, in opposition to the LOOA factor, 
which correlated well with biogenic volatile organic species measured with mass 
spectrometry, such as isoprene and its oxidation products.

To compare the observed oxidation properties to the simulations using the VBS 
modeling approach, Cholakian et al. (2018) distributed the different classes among 
HOA, LVOOA, and SVOOA: primary OA was assumed to correspond to HOA, 
while secondary OA was distributed among LVOOA and SVOOA depending on the 
saturation concentration of the class. Using the surrogate approach, Chrit et  al. 
(2017, 2018b) and Freney et al. (2018) calculated the OM/OC and O/C ratios by 
weighting the OM/OC and O/C ratios of each surrogate species. Cholakian et al. 
(2018) found good agreement between the modeled and simulated oxidation prop-
erties after adding the formation of low volatility compounds in the VBS approach; 
and Chrit et al. (2017) and Freney et al. (2018) added the formation of extremely 
low volatility compounds (ELVOCs) from the ozonolysis of monoterpenes and 
organic nitrates from the monoterpene oxidation.

During winter, the oxidation state was observed to stay very high at Ersa (see 
Fig. 4), as well as the oxygenation level (O/C). The modeling study of Chrit et al. 
(2018a) managed to reproduce the high concentration observed in March 2014 at 
Ersa (Fig. 2) by adding emissions of intermediate and semi-volatile organic com-
pounds (I/S-VOCs) in their model. These compounds are emitted by combustion 
processes (traffic and residential heating), and their volatility distribution at the 
emission influences the concentrations strongly. These high oxygenation levels 
observed in winter may stress the importance of emissions from residential heating, 
which may be more oxidized than those from traffic (Ciarelli et al., 2017). However, 
the observed organic oxidation and oxygenation states were underestimated in the 

Fig. 4 Monthly averaged submicron aerosol oxidation properties (triangles, O/C ratio; circles, 
OSc) at Ersa (Corsica) obtained from ACSM measurements between June 2012 and July 2014. 
(Data courtesy of Jean Sciare)
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simulations (O/C was about 0.7 in the simulations against 0.8 in the measurements), 
even when multigenerational aging of I/S-VOCs was modeled. This suggests that 
some aging processes of anthropogenic emissions still need to be elucidated, with a 
potential formation of ELVOCs from anthropogenic emissions (e.g., aromatics) and 
organic nitrate.

 Solubility

Organic aerosols are observed to be highly soluble over the Mediterranean in sum-
mer. In the eastern Mediterranean, at Finokalia, Pikridas et al. (2010) estimated that 
at much as 80% of OC is water-soluble. At Ersa, measurements performed using a 
PILS-TOC-UV to estimate the water-soluble fraction of organics (Sciare et  al., 
2011) showed that 64% of OC is soluble (Chrit et al., 2017). Measurements using 
Raman lidar have also been used to characterize aerosol hygroscopicity (Navas- 
Guzmán et al., 2019).

Using the surrogate approach for modeling organics, the water-soluble mass of 
OC can be estimated from the mass of the surrogates that are water-soluble, which 
depends on the Henry constants of the surrogates. Chrit et al. (2017) report a good 
agreement between measured and simulated water-soluble organic carbon (WSOC) 
at Ersa (Fig. 5), with a large contribution of surrogates formed from the oxidation of 
biogenic precursors. The evolution of WSOC with time is due to variations in the 
aerosol composition depending on air mass origins. At Finokalia in the eastern 
Mediterranean, Bougiatioti et al. (2016) derived a hygroscopicity parameter from 

Fig. 5 Submicron WSOC measured (in red) and simulated (in green) at Ersa during the summer 
of 2013. (Reprinted from Chrit et al. (2017))
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CCN and hygroscopic tandem differential mobility analyzer (HTDMA) measure-
ments and linked it to distinct chemical constituents identified with PMF of the 
chemical constituents measured with an ACSM.  Hygroscopicity was found to 
increase with size, as particles are more atmospherically processed. Furthermore, 
freshly emitted biomass burning OA was found to be around two to three times less 
hygroscopic than atmospherically processed biomass burning OA and highly oxi-
dized organic aerosols.

2.2  Origins and Formation Pathways

As discussed in the introduction, a large fraction of PM1 and PM2.5 is organic. The 
study of the properties of OA in the previous sections shed lights on the origins and 
formation pathways of OA. Note that the interactions between chemical compounds 
of different origins are strong. For example, in summer over the Mediterranean, 
Chrit et al. (2018a) simulated a strong sensitivity of OA concentrations to meteorol-
ogy. This sensitivity is not only because the temperature influences the partitioning 
between the gaseous and particulate phases but also because the meteorology influ-
ences the emissions of biogenic precursors and inorganic sea salt emissions, which 
are both involved in the formation of OA as discussed below.

 Biogenic

In summer, at least 70% of OA was observed to be biogenic at both remote and 
urban sites. However, the influence of anthropogenic emissions on the formation of 
biogenic organic aerosols is clearly important, as shown by the modeling work 
(Sartelet et al., 2012). Freney et al. (2018) showed that less oxidized organic aero-
sols correlate well with biogenic precursors over forests in the south of France. The 
contribution of specific signatures for isoprene epoxydiols SOA (IEPOXSOA) was 
very weak, suggesting that isoprene SOA was not formed through IEPOX.

The modeling studies of Chrit et al. (2017) and Freney et al. (2018) suggest that, 
at ERSA site and over forests, non-IEPOX SOA from isoprene forms 15–35% of the 
OA mass, with a large part of OA being formed from the oxidation of monoterpenes 
(30–50%) and sesquiterpenes (about 10%). A large fraction of oxidation products of 
biogenic precursors may be hydrophilic, explaining the high fraction of water- 
soluble carbon observed. The contribution of ELVOCs from monoterpenes was 
found to be as high as 10%, partly explaining the high oxidation state observed. 
These compounds may also be involved in new particle formation (NPF), as sug-
gested in the preceding chapter on nucleation (Sellegri & Rose, 2022).

The temperature sensitivity of biogenic SOA (BSOA) formation has been 
addressed in a modeling study, comparing BSOA under a future climate scenario 
with different organic aerosol schemes (Cholakian et al., 2019a). Five years of his-
torical simulations and 5 years of future simulations according to a RCP8.5 scenario 
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have been conducted with a modeling chain described in Colette et  al. (2013), 
involving for boundary conditions the IPSL-CM5A-MR global climate model and 
the LMDz-INCA global CTM, the EURO-CORDEX WRF regional climate simula-
tions, and CHIMERE regional CTM simulations with different organic aerosol 
schemes. Over Europe and the Mediterranean, BSOA increases for all aerosol 
schemes as a consequence of increased BVOC emissions triggered by higher tem-
perature. However, a scheme based on the volatility basis set formalism and includ-
ing functionalization and fragmentation of semi-volatile organic species as well as 
formation of non-volatile BSOA (Shrivastava et al., 2015) leads to two times higher 
relative BSOA increases than the molecular standard scheme in CHIMERE without 
chemical aging (Menut et al., 2013). For the latter scheme, the BVOC increase is 
partly compensated by increased evaporation of semi-volatile BSOA in a hotter 
climate, while for the former scheme, this effect is more limited due to the forma-
tion of non-volatile BSOA (Cholakian et  al., 2019a). Thus, exact knowledge of 
chemical formation pathways of BSOA is necessary to correctly predict its sensitiv-
ity to a future warmer climate.

 Marine Aerosol

Satellites (MODIS) show important phytoplankton activity near coasts in the 
Mediterranean (Chrit et al., 2017) with sea-derived organic particles emitted in the 
Aitken mode (Schwier et al., 2015, 2017). However, Chrit et al. (2017) showed that 
the contribution of the sea-origin organic particles to organic concentrations is low 
(at most 2% in summer) if parameterizations using chlorophyll a (Chl a) as a proxy 
are used. This agrees with the measurements of Schwier et al. (2017), who found 
that the correlation between the particle organic fraction and the seawater Chl a was 
poor in their measurements.

Measurements at Lampedusa found correlations between sulfate and organics 
(Mallet et al., 2019). For Mallorca and Ersa, the ME2 (Multilinear Engine 2, SoFi 
toolkit; Canonaco et al., 2013) was used to perform PMF calculation with the whole 
AMS mass spectra (i.e., including sulfate, nitrate, and ammonium fragments in 
addition to organic fragments) measured in July 2013 in Mallorca and Ersa. A factor 
mixing sulfate and oxidized organic fragments (named sulfate-OOA) represents 
between 15% in Mallorca and 25% in Ersa of the total PM1 mass. As shown for 
Mallorca (Fig. 6), the sulfate-OOA factor is, at both sites, extremely well correlated 
with CH3SO2

+ fragment, a well-known fragment of methane sulfonic acid (MSA) 
which is an oxidation of product of dimtehyl sulfide (DMS). Therefore, a significant 
biogenic marine contribution to the secondary organic aerosol budget is expected.

This biogenic marine contribution may be direct and linked to DMS, as dis-
cussed by Sellegri and Rose (Sellegri & Rose, 2022), but it may also be an indirect 
contribution, for example, by providing an absorbing aqueous mass for condensing 
non-marine biogenic oxidation products. As shown in Pun et al. (2006) and Couvidat 
and Seigneur (2011), biogenic oxidation products tend to be strongly hydrophilic. 
They may condense onto the aqueous phase formed by marine primary inorganic 
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Fig. 6 Correlation, fitted by the dotted line, between the sulfate-OOA factor and the main MSA 
fragment (CH3SO2

+) at Mallorca in July 2013. (Courtesy of Nicolas Marchand)

aerosols. In Chrit et al. (2018a), biogenic SOA is formed from the condensation on 
marine aerosols of hydrophilic oxidation products of monoterpenes, such as pinon-
aldehyde and pinic acid, and a strong sensitivity of OM1 concentrations to sea salt 
emissions is simulated. Other processes may also be involved: the experiments of 
Wang et al. (2019) showed that particulate sulfate may be formed through the oxida-
tion of dissolved sulfur dioxide by organic peroxides from monoterpene oxidation.

 Anthropogenic

The estimate of the anthropogenic contribution to organic aerosols is highly depen-
dent on the quality of the emission inventory. In some parts of the eastern 
Mediterranean, the anthropogenic contribution is difficult to establish because of 
difficulties to have accurate emission inventories, as pointed out by Abdallah et al. 
(2016 and 2018) and Salameh et al. (Salameh et al., 2016; Salameh et al., 2017) for 
Lebanon and Beirut (see also Borbon et al., 2022). In summer, although the anthro-
pogenic contribution from organic precursors was found to be low, anthropogenic 
emissions influence the formation of biogenic aerosols by enhancing oxidant con-
centrations and increasing the absorbing mass (Sartelet et al., 2012). The contribu-
tion of anthropogenic precursors, as shown by the 14C measurements, is low in 
summer. Using modeling, the contribution of single-ring aromatics (toluene, xylene) 
is simulated to be low (<5%) in both summer and winter (Couvidat et al., 2012; 
Chrit et al., 2017, 2018b). In summer, I/S-VOCs are found to contribute about 20% 
or less to OA, while their contribution is major in winter (about 80%). However, 
other volatile organic compounds emitted from residential wood combustion may 
strongly influence the OA formation, potentially explaining the high organic 
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oxidation state observed (Stefenelli et al., 2019). At Athens, in the PMF receptor 
modeling on measured data, Theodosi et al. (2018) estimated that biomass burning 
is the main source of PM2.5 (31%), followed by vehicular emissions (19%) and 
heavy oil combustion linked to  maritime traffic (7%).

 Maritime Traffic

Using markers of heavy fuel oil combustion, Becagli et al. (2017) estimated that 
during summer 2013, the minimum ship emission contributions to PM10 were 11% 
at Lampedusa and 8.6% at Capo Granitola, respectively. Large differences exist in 
emission inventory of ships (Chrit et al., 2017; Cholakian et al., 2018). However, 
ships strongly influence OA concentrations over the Mediterranean (Fig. 3). They 
emit not only primary organic particles and organic precursors but also NOx leading 
to an increase of oxidants and hence SOA formation. Organic nitrate is also esti-
mated to be important over the sea during low-wind periods (Chrit et al., 2017).

 Wildfires

Although wildfires are sporadic, they can lead to high aerosol loading in the atmo-
sphere. For example, intense wildfire episodes have been reported in Greece and the 
Balkans (Majdi et al., 2019a). Because wildfires involve large amounts of aerosols, 
wildfires from other continents, especially the North American continent or Siberia 
(Brocchi et al., 2018; Guth et al., 2018), impact the Mediterranean domain. Wildfires 
contribute to high organic aerosol loading (Bougiatioti et al., 2016), with a large 
contribution of I/S-VOCs (Konovalov et al., 2015; Konovalov et al., 2019; Majdi 
et al., 2019a). Although their contribution to OA could be as large as 70% during 
severe fire episodes, volatile organic compounds (phenol, catechol, cresol, xylene, 
toluene, benzene, naphthalene) may significantly contribute to OA (Majdi et  al., 
2019b). During wildfires, atmospheric processes of particles affect the hygroscopic-
ity as well as the mixing state of the particles (Bougiatioti et al., 2016).

3  Inorganic Aerosols

Over the Mediterranean, sulfate makes a large fraction of fine aerosols (see intro-
duction and Fig. 2). Sea salt aerosols contain sulfate (Schwier et al., 2015). However, 
the contribution of sea salt sulfate to PM1 is small, and sulfate is highly sensitive to 
the emission inventory (maritime traffic) (Chrit et al., 2018a). Ammonium, sodium, 
nitrate, and chloride to a lesser extent (Chrit et al., 2018a) are measured to contrib-
ute significantly to PM10 and PM1 concentrations. Note that the contribution of 
sodium is included in the composition depicted in Fig. 2, because ACSM and AMS 
measurements can only estimate the concentrations of non-refractory compounds.
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Sodium and chloride originate mostly from sea salt emission. Although sodium 
is non-volatile, sea salt chloride evaporates from sea salt aerosols to be replaced by 
nitrate (Claeys et al., 2017), influencing the gas/particle partitioning of inorganic 
semi-volatile compounds. The precursors of aerosol nitrate and ammonium are 
mostly anthropogenic: nitrogen dioxide and ammonia, with a large fraction emitted 
by traffic and agriculture, respectively. The mixing state of particles influences the 
gas/particle partitioning. For example, semi-volatile inorganic compounds are 
strongly influenced by the mixing state of sea salt aerosols. Those may not be well 
mixed to urban aerosols, with a dynamic exchange between the gas and particle 
phases (Chrit et al., 2018a; Freney et al., 2018).

Using sensitivity simulations, several studies pointed to the strong influence of 
maritime traffic, meteorology, and sea salt emissions on inorganic aerosol concen-
trations in the western Mediterranean region (Cholakian et al., 2018; Chrit et al., 
2018a; Guth et al., 2018). Maritime traffic affects inorganic aerosol concentrations, 
because it emits their precursors (nitrogen dioxide and sulfur dioxide). Meteorology 
influences the gas-/particle-phase partitioning of semi-volatile inorganics, nitrate, 
ammonium, and chloride, because of the influence of the temperature. However, 
temperature influences not only the gas-/particle-phase partitioning but also photo-
chemistry and the formation of semi-volatile compounds, such as inorganic nitrates 
or organic species (see above) from their precursors, explaining the strong sensitiv-
ity of these compounds to climate change (Cholakian et al., 2019b).

4  Conclusions and Recommendations

Organic and inorganic aerosols make a large fraction of fine particles over the 
Mediterranean. In summer, organics are mostly of biogenic origins, water-soluble, 
and highly oxidized. Biogenic precursors are monoterpenes, isoprene, and sesqui-
terpenes. Anthropogenic emissions influence the formation of biogenic organics by 
influencing the formation of oxidants and by providing an absorbing mass for con-
densation. The formation processes of biogenic aerosols are fairly well modeled, 
and 3D air quality models manage to represent the concentrations and properties of 
OA at remote sites and over forests, despite large uncertainties in biogenic emis-
sions (Jiang et al., 2019). ELVOCs are found to contribute to up to 10% of organics 
in the western Mediterranean. They may also contribute to the formation and growth 
of NPF, as suggested in Chapter 6.3. In winter, precursors are mostly anthropogenic, 
with formation processes that still need to be studied further. The models suggest a 
strong influence of IS/VOC emissions, whose gas phase is missing in emission 
inventories. However, as the organic oxidation state is not well modeled in winter, 
formation processes may need to be revisited, by considering the formation of 
extremely low volatility organic compounds and organic nitrate from anthropogenic 
precursors. Note that the viscosity of OA may also influence gas/particle partition-
ing of organics (Kim et al., 2019).
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Among inorganics, sulfate concentrations are especially high, because of ship 
emissions, as discussed in chapter “Anthropogenic Emissions of Ultrafine Particles 
in the Mediterranean”. The influence of sulfate sea salt is simulated to be low com-
pared to the influence of ship emissions. Because of the diversity of sources (anthro-
pogenic, sea salt, biogenic) and the high photochemistry in summer, an accurate 
representation of gas/particle partitioning is required to represent inorganic concen-
trations in summer, with a large influence of thermodynamic and aerosol mixing 
state. Primary sea salt organic emissions are also estimated to have a low contribu-
tion to organics. However, sea salt emissions strongly enhance the formation of 
organic aerosols by providing an absorbing aqueous mass to the hydrophilic semi- 
volatile organics formed from the oxidation of biogenic precursors. Inorganics pro-
vide not only an aqueous absorbing mass, but their interactions with organics need 
to be better understood and modeled, e.g., deviation from ideal thermodynamic 
behavior as represented by activity coefficients is important.

The concentrations of secondary organic aerosols have been simulated to increase 
in the Mediterranean in 2050 because of climate change. Increased temperatures 
lead to an increase in biogenic VOC emissions and to a shift of gas-particulate phase 
equilibrium toward gas phase. The increase in biogenic emissions was shown to be 
the most impacting factor, explaining the increase of secondary organic aerosols. 
Over cities, the increase of secondary aerosols may also be due to an increase in 
oxidant concentrations, because of NOx emission reductions. Land-use changes 
could also affect these NOx and biogenic emissions and should be taken into account 
in future simulations.
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Abstract A partition coefficient of Semi-Volatile Organic Compounds (SVOC) is 
defined as the ratio between concentrations of the compound in the particulate to 
gas phases normalized by the mass of aerosol. It is determined by the thermody-
namic equilibrium between the particle (aerosol) and gas phase. This equilibrium is 
thought to be dominated by absorption phenomena. However, the validity of the 
instantaneous equilibrium between both phases and the predominance of absorption 
processes during the phase transfer are uncertain. It is therefore crucial to test the 
theoretical partition coefficient against measured ones in the field, for which in situ 
measurement of organic compounds in both phases needs to be performed. Such 
measurements have been performed at several sites in the western Mediterranean 
region during the ChArMEx project. It was found that the experimental values were 
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systematically higher, often by several orders of magnitude, than the theoretical 
ones. Reasons for these discrepancies and implications for aerosol modeling are 
discussed.

1  Introduction

Organic aerosol can be primary or secondary. Primary organic aerosols (POA) are 
directly emitted into the atmosphere. Secondary organic aerosols (SOA) are formed 
through the oxidation of anthropogenic or biogenic gaseous organic precursors such 
as  volatile organic compounds(VOC) by atmospheric oxidants (OH, O3, and NO3). 
This oxidation process is progressive and multigenerational. The O/C ratio of the 
product formed rises with growing generation of products, and their volatility 
decreases. This allows them to condense on existing particles leading to SOA for-
mation or to form new particles. The semi-volatile organic compounds (SVOC) 
formed during the process can be in both the particulate and the gaseous phase.

Furthermore, models suggest that gaseous organic compounds can be transported 
over long distances and are still reactive several days after emission (Aumont et al., 
2005; Madronich, 2006). They can, therefore, affect the oxidant budget as well as 
the formation of secondary pollutants, such as ozone and SOA, far from emission 
areas. The Mediterranean basin is impacted by strong natural and anthropogenic 
emissions and undergoes intense photochemical events (Lelieveld et al., 2002). It is, 
thus, a key region to study the fate of organic compounds during long-range trans-
port and especially the interactions between gas and particle phase.

The aerosol and gaseous phase chemical composition on a molecular level is 
generally observed by separate analytical methods. Therefore, the multiphasic parti-
tioning of organic compounds can usually not be addressed. Nevertheless, the study 
of mechanisms controlling the partitioning of SVOC between both phases is crucial 
to understand the formation and fate of SOA. A partition coefficient is defined 
according to the thermodynamic equilibrium to calculate the mass transfer of SVOC 
into the particulate phase (Pankow, 1994). This equilibrium is thought to be domi-
nated by absorption phenomena (Liang et al., 1997). However, the validity of the 
instantaneous equilibrium between both phases and the predominance of absorption 
processes in the mass transfer are questionable (Healy et al., 2008; Virtanen et al., 
2010; Rossignol et al., 2012; Bateman et al., 2015). It is therefore crucial to test the 
theoretical partition coefficient against measured ones in the real atmosphere, and 
this requires in situ measurement of organic compounds in both phases.

This chapter describes these interactions between particle and gaseous phases 
and relies mainly on the observations that have been made during the ChArMEx 
summer 2013 field campaign at Ersa.
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Fig. 1 Time series of accumulated aerosol fractions (top panel) and of accumulated gas phase 
PMF factors (bottom panel). LL-, ML-, and SL-Anthropogenic refer to the long-lived, medium- 
lived, and short-lived anthropogenic factors, respectively. (Adapted from Fig.  12 of Michoud 
et al. (2017))

2  Interconnection Between Gas Phase and Aerosol 
Compounds During the Summer 2013 ChArMEx 
Field Campaign

Figure 1 shows the time series of the accumulated different fractions (inorganic and 
organic) of aerosol measured by the Aerosol Chemical Speciation Monitor (ACSM) 
(top panel) as well as time series of accumulated contributions of Positive Matrix 
Factorization (PMF) factors (middle panel) for the VOCs during the summer 2013 
ChArMEx field campaign at Cap Corse. This figure aims at drawing a parallel 
between aerosol and gas phase composition in order to highlight the link between 
both phases.

During the campaign, two periods correspond to aged anthropogenic air masses 
reaching the site (between 19 and 27 July and between 30 July and 03 August 2013; 
see Michoud et al., 2017). The first period is characterized by high contributions of 
anthropogenic and oxygenated gas PMF factors as well as an aerosol with inorganic 
and organic fractions in approximately similar proportions, where most inorganic 
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aerosol fractions have anthropogenic sources. This period also corresponds to air 
masses with the lowest photochemical age of the campaign (corresponding to the 
highest propane/ethane and butane/ethane ratios used as relative photochemical clock 
sensitive for anthropogenic emissions; Michoud et al., 2017), coinciding with wind 
coming from the north-east and therefore north of Italy, an highly industrialized 
region. The second period of incoming transported anthropogenic emissions from 
north of Italy is characterized by less intense anthropogenic gas phase PMF factors, 
especially for the long-lived anthropogenic factor (LL), and a clear predominance of 
the organic fraction for aerosols. Aerosol concentrations are also lower by approxi-
mately 50% than in the first period. During both periods, a non- negligible biogenic 
influence is also observed from primary and secondary biogenic PMF factors. This is 
even more pronounced for the second “anthropogenic” period. During these periods 
it is, therefore, likely that oxygenated volatile organic compounds (OVOCs) and oxy-
genated organic aerosols (OOA) have both biogenic and anthropogenic origins in 
variable proportions.

The period between 26 and 28 July corresponds to intense biogenic influence 
without significant long-range transport of anthropogenic emissions. This period is 
characterized by high contributions of the primary and secondary biogenic gas 
phase PMF factors. The oxygenated gas phase factor also rises during this period, 
and the aerosol composition is mainly dominated by the organic fraction. Indeed, 
the inorganic aerosol fraction decreased during this period to reach less than 10% of 
the aerosol composition at the end on 28 July. This strong decrease occurred when 
the wind sector changed from west (marine influence) to south (Cap Corse influ-
ence) at the end of this period on 28 July. This is consistent with an absence of close 

Fig. 2 Scatter plots between the organic fraction of aerosols and the contribution of the gas phase 
oxygenated PMF factor for the whole ChArMEx summer 2013 field campaign. (Adapted from Fig. 
S8 of Michoud et al. (2017))
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anthropogenic influence during this period. It is therefore likely that the oxygenated 
VOCs and the organic fraction of aerosols during these days are mainly influenced 
by biogenic sources.

Such evidence for similar processes leading to aging of organics in both the gas 
phase and aerosols, observed during periods dominated by either anthropogenic or 
biogenic influence, is supported by the good correlation between organic aerosols 
and the PMF-derived gas phase oxygenated factor illustrated in Fig. 2.

This correlation suggests a close link between gaseous oxidation products 
observed at the site and measured organic aerosol (OA), while primary OA remains 
low despite the high concentration of OA with respect to inorganic aerosol. This 
also reveals that they originate from similar processes. During the campaign, very 
low levels of primary organic aerosols were observed (hydrocarbon-like organic 
aerosol (HOA) determined by ACSM measurements below 0.6 μg m−3; top panel in 
Fig. 1). Thus, this good correlation is most likely due to the secondary fraction of 
OA, which can come from the oxidation of both biogenic and anthropogenic gas-
eous precursors, explaining the similar behavior of the organic aerosol mass and the 
gas phase oxygenated factor.

3  Partitioning of Organic Carbon Between the Gaseous 
and Particulate Phase

This close link observed between gas phase oxygenated compounds and organic 
aerosol highlights the interactions between both phases and, more especially, the 
partitioning of these oxygenated species between the gas phase and the aerosol 
phase. This is particularly true for the special case of the Mediterranean basin where 
anthropogenic and biogenic influenced air masses are mixed and undergo intense 
photo-oxidation over several days.

Understanding the processes governing the equilibrium between both phases 
requires the determination of the partitioning coefficient. An experimental partition-
ing coefficient can be determined by Eq.  1 (Pankow, 1994) for the compounds 
detected and quantified in both phases:

 
K F Ape i i i, / /� � �TSP

 (1)

where Kpe,i is the experimental partitioning coefficient for the compounds i (m3 μg−1), 
Fi the concentration in the particulate phase (ng m−3), Ai the concentration in gas-
eous phase (ng m−3), and TSP (total suspended particulate matter) the total mass 
concentration of particles measured by TEOM-FDMS (μg m−3). Uncertainties for 
experimental partitioning coefficients taking into account averaged relative uncer-
tainties of all parameters are estimated to be ±25% on average.

Theoretical partitioning coefficients are determined, considering an equilibrium 
between gaseous phase and a homogeneous liquid organic particle phase, 
using Eq. 2:
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K R T f M W Ppt i i L i_ ,/� � � �� � � � � �� �760 106 0

om om �
 (2)

where Kpt,i corresponds to the theoretical partitioning coefficient for the compounds 
i (m3 μg−1), R the ideal gas constant (m3 atm mol−1 K−1), T the temperature in Kelvin, 
fom the organic matter (OM) mass fraction, MWom the averaged molar mass of com-
pounds constituting organic particulate matter (g mol−1), ζi the activity coefficient, 
and 

PL i,
0

 the saturation vapor pressure (in Torr). Saturation vapor pressures are 
determined using three different models (Myrdal & Yalkowsky, 1997; Moller et al., 
2008; Nannoolal et al., 2008).

Experimental and theoretical partitioning coefficients obtained during three dif-
ferent field campaigns (Hallemans, 2016; Rossignol et  al., 2016) in the western 
Mediterranean basin, respectively, in the framework and 2 years before ChArMEx 
SOP 1b field campaign, and one campaign in the EUPHORE simulation chamber in 
Spain (Rossignol et al., 2016) for compounds identified in both phases are presented 
in Table 1. For most compounds, experimental partitioning coefficients obtained for 
the four campaigns compare well with a difference that can reach up to an order of 
magnitude (e.g., dimethylglyoxal or acrolein). These observed differences are small 
compared to the differences recorded between experimental and theoretical coeffi-
cients. Indeed, the theoretical coefficients differ from two to seven orders of magni-
tude compared to the experimental coefficients.

It is worth noting that the three models used for theoretical coefficient determina-
tion are in good agreement. For all compounds, the equilibrium determined experi-
mentally is shifted toward the particulate phase. It is worth noting that a denuder 
was used upstream the filter collection for all campaigns presented in Table 1. This 
allows  to avoid overestimation of particulate organic matter due to adsorption of 
semi-volatile compounds onto the filter. It excludes overestimation of experimental 
partitioning coefficients due to positive artifact for concentrations of compounds in 
the particulate phase. Underestimation of gaseous concentrations for these com-
pounds is also unlikely since careful inter-comparisons have been performed for 
OVOCs between several different measurement techniques to exclude this possibil-
ity (Hallemans, 2016).

The differences observed between experimental and theoretical partitioning 
coefficient for some compounds (e.g., organic acids) may be explained by the high 
humidity conditions encountered. Indeed, the theoretical partitioning coefficient as 
described by Pankow equilibrium does not take into account the presence of an 
aqueous phase or a deliquescent aerosol, while soluble organic compounds can split 
between gaseous, aqueous, and non-aqueous particulate phases. This hypothesis is 
however not plausible for insoluble compounds such as aldehydes and ketones, for 
example. These differences could also be explained by the fact that the equilibrium 
between both phases is not reached, i.e., a kinetic delay in establishing the equilib-
rium. This could be due to the viscosity of particles. Some studies show that organic 
aerosols can be found in various states, from liquid to semi-solid (viscous) (Virtanen 
et al., 2010; Shiraiwa et al., 2011; Booth et al., 2014; Bateman et al., 2016). The 
viscosity of the particle can limit the diffusion inside the particle and therefore 
cause inhomogeneity in the composition with the formation of a gradient in 
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Table 1 Experimental (Kpe,i) and theoretical (Kpt,i) partitioning coefficients of various VOCs

Compound

Kpe,i from field campaigns
Kpe,i from 
chamber Kpt,i

ChArMEx 
(Ersa, 
Corsica)a

CANOPEE 
(OHP)a

Citrus fruit 
field, 
Corsicab EUPHOREb MOLc,f NANd,f MYRe,f

Propanal 6.1 
10−3 ± 75%

9.7 
10−3 ± 62%

2.2 
10−3 ± 50%

– 2.6 
10−10

2.6 
10−10

4.7 
10−10

Pentanal 6.5 
10−4 ± 106%

9.8 
10−4 ± 92%

1.8 
10−4 ± 51%

– 3.2 
10−9

3.2 
10−9

3.8 
10−9

Hexanal 1.3 
10−3 ± 61%

– – – 1.0 
10−8

1.0 
10−8

1.1 
10−8

Heptanal 5.1 
10−4 ± 91%

– – – 3.3 
10−8

3.2 
10−8

3.4 
10−8

Nonanal – 1.6 
10−4 ± 79%

5.5 
10−2 ± 57%

– 3.1 
10−7

2.8 
10−7

3.1 
10−7

Acrolein 7.3 
10−4 ± 74%

7.6 
10−4 ± 51%

6.1 
10−3 ± 50%

– 3.6 
10−10

3.6 
10−10

3.7 
10−7

Methacrolein 7.3 
10−4 ± 69%

– – – 7.2 
10−10

7.2 
10−10

9.0 
10−10

2-butanone – 9.5 
10−5 ± 86%

– – 9.8 
10−10

9.5 
10−10

7.1 
10−10

Acetone – 9.2 
10−5 ± 51%

– – 2.7 
10−10

2.6 
10−10

2.6 
10−10

Hydroxyacetone – 7.9 
10−3 ± 107%

– – 4.7 
10−8

3.4 
10−8

3.0 
10−8

Methyl vinyl 
ketone

5.8 
10−4 ± 57%

– – – 1.3 
10−9

1.3 
10−9

5.6 
10−10

Nopinone 5.5 
10−4 ± 53%

– – – 1.7 
10−7

1.7 
10−7

1.9 
10−7

4-Oxopentanal – 7.0 
10−3 ± 51%

5.6 
10−4 ± 50%

6.5 
10−4 ± 34%

1.6 
10−8

1.5 
10−8

2.9 
10−8

Dimethylglyoxal 5.0 
10−3 ± 65%

2.6 
10−3 ± 86%

5.6 
10−4 ± 70%

6.2 
10−4 ± 47%

– 3.4 
10–9 g

7.0 
10−9 g

Glyoxal 6.9 
10−5 ± 56%

3.6 
10−3 ± 79%

9.8 
10−3 ± 110%

– 3.3 
10−8 g

6.7 
10–10 g

Methylglyoxal 3.6 
10−3 ± 60%

3.3 
10−3 ± 51%

2.2 
10−2 ± 132%

1.3 
10−3 ± 84%

– 8.6 
10−10 g

2.1 
10–9 g

Propenoic acid – 3.7 
10−4 ± 185%

– – 5.0 
10−8

4.3 
10−8

3.7 
10−8

Benzoic acid – 1.3 
10−3 ± 240%

– – 3.8 
10−5

1.9 
10−5

8.7 
10−6

Levulinic acid 5.1 
10−3 ± 77%

5.4 
10−3 ± 67%

– – 1.7 
10−5

4.4 
10−6

2.9 
10−6

Methacrylic acid 1.5 
10−4 ± 198%

– – – 8.4 
10−8

7.6 
10−8

8.9 
10−8

Undecanoic acid – 1.2 
10−3 ± 110%

– – 3.2 
10−3

4.8 
10−4

1.8 
10−4

(continued)
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Table 1 (continued)

Compound

Kpe,i from field campaigns
Kpe,i from 
chamber Kpt,i

ChArMEx 
(Ersa, 
Corsica)a

CANOPEE 
(OHP)a

Citrus fruit 
field, 
Corsicab EUPHOREb MOLc,f NANd,f MYRe,f

Glycolic acid 3.1 
10−2 ± 268%

3.1 
10−3 ± 104%

– – 8.5 
10−5

1.3 
10−5

2.0 
10−6

4-Hydroxybenzoic 
acid

– 2.6 
10−3 ± 59%

– – 2.1 
10−4

9.9 
10−5

1.9 
10−4

Glutaric acid – 3.4 
10−3 ± 95%

– – 3.9 
10−3

1.3 
10−3

2.5 
10−4

Succinic acid – 1.0 
10−2 ± 71%

– 3.2 10−2 1.1 
10−3

3.6 
10v4

1.1 
10−4

Glycerol 1.1 
10−2 ± 62%

5.4 
10−4 ± 88%

– – 7.1 
10−4

8.4 
10−4

1.3 
10−5

aMyrdal and Yalkowsky (1997)
bHallemans (2016)
cRossignol et al. (2016)
dMoller et al. (2008)
eNannoolal et al. (2008)
fcoupled with Nannoolal et al. (2004) method for boiling point determination
gCoefficients extracted from Rossignol et al. (2012) at temperature of 300 K; other parameters 
(MWom et ζi) similar to the ChArMEx campaign

concentration between the surface and the center of the particle (Zobrist et al., 2011; 
Chan et al., 2014; Davies & Wilson, 2015). The equilibrium could therefore only be 
reached between an outer layer of the particle and the gaseous phase (Davies & 
Wilson, 2015). Or on the contrary, a semi-solid external layer, caused by the aging 
of the particle, could prevent the equilibrium to be reached between the particulate 
bulk and the gaseous phase. These aspects are critical for the Mediterranean basin 
where aging is promoted by intense photochemical activity and oxidation that 
occurs over a relatively long time period in the year.

Furthermore, Soonsin et al. (2010) showed that the physical state of the particle 
can influence the activity coefficient of some compounds and especially of dicar-
boxylic acids that are the dominant contributors of OA during ChArMEx campaign 
in Ersa/Cap Corse, for example (see Fig. 3). Partitioning coefficients are calculated 
considering a liquid aerosol phase. Considering a solid or semi-solid aerosol phase 
would lead to a decrease in the vapor pressure estimation for such compounds and 
therefore to higher theoretical partitioning coefficients.

In addition, oligomerization processes in the particulate phase have been high-
lighted in previous studies through the identification of compounds with high 
molecular masses (Kalberer et al., 2004; Tolocka et al., 2004; Hallquist et al., 2009; 
Lim et al., 2010). The formation of oligomers increases the viscosity of the particle 
during its aging (Abramson et al., 2013) which, as discussed above, can partly cause 
the disagreement observed. These reactions could also explain the presence of semi- 
volatile compounds in the particulate phase in such high proportion, especially for 
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Fig. 3 Campaign averaged relative composition of the sum of all compound concentrations mea-
sured by thermal desorption and coupled gas chromatography-mass spectrometry (TD-GC/MS). 
(Adapted from Fig. 85 of Hallemans (2016))

carbonyls. It is worth noting that carbonyls have high vapor pressure and should not 
be present in the particle phase. Indeed, numerous studies reveal the possibility of 
formation of oligomers, inside the particle, from carbonyls such as α-di-carbonyls, 
for example, from glyoxal or methylglyoxal (e.g., Jang & Kamens, 2001; Iinuma 
et al., 2004; Tolocka et al., 2004; Hastings et al., 2005; Lim et al., 2010). These reac-
tions are favored under low water content in the particles. On the contrary, under 
higher humidity conditions, oligomers can decompose back into monomer com-
pounds which in case of a viscous layer at the surface of the particles can be trapped 
into the particulate phase. In that case, the equilibrium between the gaseous and the 
particle phase could be shifted notably in favor of the particle phase for the mono-
mer compounds.

4  Conclusions and Recommendations

Good correlation between organic aerosols and the gas phase oxygenated compo-
nent implies that similar processes lead to the formation and aging of organics in gas 
and particulate phases. It highlights the interactions between both phases and, more 
especially, the partitioning of these oxygenated species between the gas phase and 
the aerosol phase. This is particularly true over the Mediterranean basin where air 
masses under anthropogenic and biogenic influences are mixed and undergo intense 
photo-oxidation during several days.

However, the partitioning of the semi-volatile compounds between the gaseous 
particulate phases is influenced by the meteorology (humidity, temperature) and the 

Particle-Gas Multiphasic Interactions



194

state of particles (viscosity, water content, organic fraction concentrations, acidity, 
etc.). The impact of these conditions strongly depends on the properties of the con-
sidered compounds (solubility, vapor pressure, reactivity, etc.).

This leads to differences between experimental and theoretical partitioning coef-
ficients, which have important implications for organic aerosol modeling. It indi-
cates that the partitioning theory, which is the base for this modeling, is most often 
inappropriate, unless the processes that explain the differences between experimen-
tal and theoretical partitioning coefficients are included. These processes might 
partly also occur in chamber experiments, from which empirical partitioning coef-
ficients for model compounds are derived. Coefficients obtained in this way would 
then partly include processes shifting semi-volatile material into the particulate 
phase. This could explain why current aerosol schemes used in the preceding chap-
ter (Sartelet, 2022) do not systematically underestimate organic aerosol by orders of 
magnitude. Furthermore, the SOA models used in this chapter (Chrit et al., 2017; 
Cholakian et al., 2018) were revisited in the framework of ChArMEx to take into 
account the formation of non-volatile organic aerosols from biogenic precursors. In 
addition, some schemes (Shiraiwa et al., 2011; Shrivastava et al., 2015; Couvidat & 
Sartelet, 2015) can take into account the viscosity of particles in order to account for 
deviations from ideal partitioning theory.

The study of experimental partitioning coefficients should be carried on in vari-
ous types of environments and systematically compared to theoretical ones. This 
could help to understand under which conditions a thermodynamic control of gas/
particle partitioning is effective. For other conditions, hypotheses of multi-layer 
particles of various viscosities and/or phases as proposed by Shiraiwa et al. (2010), 
Couvidat and Sartelet (2015) and as investigated in 3D by Kim et al. (2019), or of 
reactivity in the particulate phase should be tested comparing measurements to 
simulations.
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Abstract Particle size is a fundamental parameter to understand and predict the 
lifetime, transport processes, and the diverse impacts of atmospheric aerosols. In 
this chapter, we review current knowledge on the size distribution of atmospheric 
aerosols observed in the Mediterranean basin. This includes remote sensing obser-
vations, as well as ground-based and airborne in situ measurements from intensive 
field campaigns over the last two decades. Observations show that the volume aero-
sol size distribution above 100  nm diameter is basically bimodal in the whole 
Mediterranean basin, with anthropogenic particles mostly contributing to the fine 
mode and dust, smoke, and marine particles contributing to the coarse mode. Coarse 
and giant dust particles measured for Saharan outbreaks agree with similar observa-
tions in the Atlantic, supporting the efficient transport of dust aerosols with diame-
ters above 10μm over long distances. Ultrafine particles (<100 nm diameter) are 
ubiquitous over the basin and observed both in the boundary layer and the free tro-
posphere. While past observations provide significant knowledge, at present we still 
miss a complete regional characterization of the aerosol size over the whole basin 
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including seasonal effects. Further observation and retrieval capabilities from satel-
lites need to be developed to fulfill this gap.

1  Preamble and Definitions

We define in this section the basic information concerning the atmospheric aerosol 
size distribution, and we introduce the parameters presented and discussed in the 
chapter. For a complete discussion and analysis of theoretical bases, we redirect the 
reader to Seinfeld and Pandis (2016).

Atmospheric aerosols cover a vast size spectrum, from few nanometers to tens of 
micrometers. Particles with diameters less than 1μm are classified as “fine aerosols,” 
while particles greater than 1μm are “coarse aerosols.” Fine aerosols are additionally 
divided into Aitken or ultrafine mode particles (diameter < 0.1μm) and accumulation 
mode particles (diameter between 0.1 and 1.0μm; to note that in some literature 
studies the separation between Aitken and accumulation modes is at radius of 0.1μm 
instead of the diameter). The size distribution and the partitioning between the fine 
and coarse modes for different aerosol types depend first on their formation 
mechanism. Coarse mode aerosols are usually made of primary particles, mostly of 
natural origin. Primary aerosol particles are defined as particles directly entrained 
into the atmosphere by the drag of wind on continental and oceanic surfaces (desert 
dust or sea salt aerosols), as a product of biomass burning (soot and ashes), volcanic 
eruptions, or biological debris, among others. In contrast, anthropogenic aerosols 
occur mostly in the fine mode, and they are often secondary in origin. Secondary 
aerosols are formed in the atmosphere from gaseous precursors (e.g., new particle 
formation (NPF) from gas-to-particle conversion), and they can be both natural and 
anthropogenic. Once in the atmosphere, the aerosol size distribution continuously 
modifies due to processes like coagulation, sedimentation, heterogeneous reactions 
with gases, water adsorption, and mixing (Seinfeld & Pandis, 2016).

The size distribution of the aerosols is typically expressed as the number distri-
bution dN(D)/dlogD where dN(D) is the number concentration of particles, i.e., the 
number of particles per cm3 of air, per size interval expressed in logarithmic scale 
(dlogD = log(D2/D1), with D1 and D2 the lower and upper diameters of the size bin. 
Similarly, the number distribution can be expressed as a function of the particle 
radius (R) as dN(R)/dlogR knowing that the two definitions are equivalent since 
dlogD = dlogR. Both the decimal (dlog10D) and the natural (dlnD) logarithm can be 
used in the size formulation, and both are currently found in the literature. The 
decimal and logarithmic formulations are related by a constant proportionality that 
is dN/dlogD = ln(10) dN/dlnD.

Because several aerosol properties depend on the aerosol surface, volume, and 
mass, it is often convenient to express the aerosol size distribution in the form of 
surface size distribution (dS/dlogD  =  π D2 dN/dlogD in the approximation of 
spherical particles, unit of μm2 cm−3), volume distribution (dV/dlogD = π/6 D3 dN/
dlogD, unit of μm3 cm−3), and mass distribution (dM/dlogD = ρ dV/dlogD, units of 
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Fig. 1 Example of an atmospheric aerosol size distribution composed of three lognormal modes; 
a and d number size distribution; b and e surface size distribution; c and f volume size distribution. 
Distributions are plotted in linear and logarithmic ordinate scales (left and right plots, respectively). 
(Modified from Fig. 8.6 in Seinfeld and Pandis (2016))

μg cm−3, where ρ is the aerosol particle density, e.g., as g cm−3). These formulations 
represent the distribution of the surface area, volume, and mass of particles per 
cm3 of air.

The size distribution of atmospheric aerosols usually appears as the sum of main 
modes, each of them well represented by a lognormal distribution, i.e., the logD or 
lnD are normally distributed. In Fig. 1, we report an example of number, surface, 
and volume distribution for a typical atmospheric aerosol population composed of 
the sum of three lognormal modes including both submicronic and supermicronic 
particles. The number modal diameter, which is the diameter at which the derivative 
of the distribution is zero (in other words the mode maximum), is 0.02, 0.10, and 
2.8μm for the three modes. Figure  1 shows that the submicronic aerosol modes 
dominate the number distribution (Fig. 1a and d), whereas the supermicronic aerosol 
mode dominates the volume size (Fig. 1c and f). This is because the volume of a 
particle of 1 or 10μm in diameter is 103 or 106 times larger than that of a particle of 
100 nm in diameter. Showing the size distribution data as a function of number or 
volume can permit therefore to better evidence the contribution of fine or ultrafine 
particles (number representation) or coarse mode diameters (volume representa-
tion) to the whole dust size spectrum.

Aerosol Size Distribution
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The number-, surface-, volume-, and mass-median diameter (NMD, SMD, 
VMD, and MMD, units of length) are respectively the diameters for which half of 
the number, surface, volume, and mass of the aerosol population is for diameters 
below the median diameter and the other half above. For lognormal distributed 
aerosols, the median diameter coincides with the modal diameter of the distribution. 
The different median diameters represent different properties of the size distribution, 
and their values are not directly comparable, with the only exception for the VMD 
and the MMD that coincide if the aerosol density is constant with size. As an 
example, for the three modes in Fig. 1, the NMD is 0.02, 0.10, and 2.8μm, and the 
VMD is 0.04, 0.2, and 5μm. The aerosol particle size distribution is generally 
represented by a sum of lognormal modes, with the advantage that a lognormal size 
distribution has the same geometric standard deviation (σ) in number, size, or 
volume and that a simple relationship relates the various median numbers (e.g., 
VMD = NMD exp{3(lnσ)2}; Jaenicke, 1988).

Other size-related parameters frequently used to describe the aerosol size distri-
bution are the (optical) effective radius (Reff; or the effective diameter Deff, that is 
twice Reff), the effective variance (veff), and the Angström exponent of scattering/
extinction (α). These are defined as follows.

• The effective radius (Reff), effective diameter (Deff), and effective variance (veff)

The effective radius Reff (unit of length), or area-weighted mean radius, is calcu-
lated by weighting each radius by the cross-sectional area of the particles (π R2 
dN(R) / dlogR):
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The corresponding definition of Deff is:
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In parallel, we can also define the effective variance, that is, a measure of the width 
of the aerosol distribution (unitless), as:
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The term “effective” refers to the light extinction properties of the aerosol popu-
lation, since the capacity of aerosols to extinct radiation is proportional to the cross-
sectional area in the limit of geometric optics, i.e., when the radius of the particle is 
similar or larger than the wavelength of the incident light. Therefore, the effective 
radius or effective diameter are particularly useful when referring to the optical 
properties of aerosols. Aerosol populations with both the same Reff (or Deff) and veff 
will show a similar optical behavior. The Reff or Deff can be calculated for the entire 
aerosol size distribution (entire range of documented radius or diameters) or evalu-
ated separately for the fine and coarse fractions of the aerosols size, for instance, by 
integrating Eq. 2 for diameters ≤1μm (Deff, fine) and >1μm (Deff, coarse), respectively. It 
should be mentioned that the retrieved values for the fine and coarse effective radius 
or diameter critically depend on the selected size range of calculation, i.e., the lower 
and upper limit of the documented size distribution. As a consequence, the Reff and 
Deff from sizes measured with instruments with different dynamical ranges are not 
always directly comparable.

• The Angström Exponent (AE)

The unitless Angström exponent (AE) represents the spectral dependence of 
extinction or aerosol optical depth (AOD). The AOD depends on the wavelength 
(λ) of light according to the power law (Angström, 1929):
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The Angström exponent is the exponent of the power law in Eq. 4. For non-absorb-
ing aerosols, the Angström exponent is a good proxy for the aerosol particle size 
distribution: in general, the larger the particles, the lower AE, and vice versa.

2  Observations

Currently, most of the knowledge on the Mediterranean aerosol size distribution is 
derived from in situ and remote sensing measurements. The majority were made at 
coastal sites around the basin or at island locations. Also, local- and regional-scale 
intensive studies including aircraft and balloon-borne observations importantly 
contributed.

2.1  Ground-Based Remote Sensing Measurements

The AERONET (Aerosol Robotic Network; https://aeronet.gsfc.nasa.gov), due to 
its extensive coverage of the area and the long-term track of observations available 
(more than 20 years for some stations), is the first source of information on the size 
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distribution for Mediterranean aerosols. The AERONET network is a global network 
of ground-based multi-spectral sun and sky photometers measuring daytime aerosol 
load and properties (Holben et  al., 1998). The AERONET operational analysis 
protocol retrieves the aerosol size distribution in the range 0.1–30μm in diameter by 
mathematical inversion of combined direct solar irradiance and sky radiance 
measurements (Dubovik & King, 2000; Dubovik et  al., 2006). In this case, the 
retrieved size distribution is column-integrated, that is, it represents the mean size 
distribution of the various aerosol layers encountered from ground level up to the 
top of the atmosphere. The AERONET retrievals, being based on remote 
sensing measurements of the aerosol optical signature, depend on particle shape 
(Dubovik et al., 2006). The latest AERONET retrieval scheme works considering an 
aerosol mixture of polydisperse randomly oriented homogeneous spheroids with a 
fixed distribution of aspect ratios (Mishchenko et al., 1997; Dubovik et al., 2006).

As of mid-2022, there are about 50 active AERONET sites around the 
Mediterranean basin (see Fig. A1 in the volume annex; Dulac et al., 2023). Their 
regional distribution is quite homogeneous and covers the western and the eastern 
parts, from southern Europe to the coasts of Middle East and North Africa, including 
also many island locations throughout the area (Ersa, Palma de Mallorca, Lampedusa, 
Alboran, Malta, Crete, etc.). This spatial extent allows for capturing the diversity of 
the Mediterranean aerosol population resulting from the different contributing 
sources, such as desert dust, marine, urban/industrial pollution, and biomass 
burning, showing particles in the 0.1–30μm optically active range sensed by 
AERONET. On the other hand, AERONET observations do not provide information 
on the aerosol ultrafine mode, therefore no indications of NPF events.

Various studies reporting AERONET observations across the Mediterranean dis-
cuss the retrieved column-integrated volume distributions (e.g., Kubilay et al., 2003; 
Masmoudi et  al., 2003a, b; Derimian et  al., 2006; Toledano et  al., 2007; Mallet 
et al., 2013, 2016; Sicard et al., 2016; Logothetis et al., 2020) or the Angström expo-
nent (e.g., Sabbah et al., 2001; Pace et al., 2006; Basart et al., 2009; Formenti et al., 
2018; Logothetis et al., 2020).  A statistical study of the long-term AERONET size 
data across the Mediterranean basin was performed by Mallet et al. (2013) using 
datasets from 22 AERONET coastal stations with more than 2.5 yr of data. They 
showed that the volume size distribution of the aerosols in the basin is bimodal and 
that the coarse mode usually dominates over the fine mode (Fig. 2): in the eastern 
(western) part of the Mediterranean, they found a 31% (37%) average contribution 
from the fine mode and 69% (63%) contribution from the coarse mode to the total 
particle’s volume size. The average modal diameter for the fine mode is located 
around 0.3μm, whereas for the coarse mode, it is between 4.5 and 5.0μm (Mallet 
et al., 2013, 2016). Daily and seasonal data show nonetheless a spread of both modal 
diameters and concentration values for the fine and coarse modes due to the variable 
contribution of different aerosol types and loading conditions (Mallet et al., 2016; 
Sicard et al., 2016).

Gkikas et al. (2016) made a similar statistical study than Mallet et al. (2013), but 
also included inland areas around the basin for a total of 109 stations from the year 
2000 to 2013. They found that the two distinct fine and coarse modes in the 
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Fig. 2 Average volume size distribution retrieved from AERONET inversions at 8 coastal sites in 
the eastern Mediterranean basin and 14 coastal sites in the western basin. We show here both the 
dV/dlnR distributions as provided by Mallet et al. (2013) and given as AERONET output and also 
the conversion into dV/dlogD formulation. Note that the unit for the volume distribution is μm3 
μm−2 in AERONET as it refers to a column-averaged quantity. (Modified from Fig. 8 in Mallet 
et al. (2013))

climatological aerosol size distribution (average modal diameters at 0.3 and 4.4μm) 
equally contribute to the volume size, differently from Mallet et al. (2013), where 
this difference was due to the larger contribution of finer aerosols from continental 
Europe included in their study. They also analyzed the shape of the distribution 
under strong and severe dust episodes and found in these cases that the size is still 
bimodal (about 0.3 and 3.4–4.5μm modal diameters for the fine and coarse modes), 
but the peak of the coarse mode increases by up to 15 times due to the contribution 
of coarse dust, in accordance with other studies (e.g., Kubilay et al., 2003; Tafuro 
et al., 2006). Also for fresh smoke plumes measured in coastal Spain, the size is 
bimodal. The fine mode is centered at 0.26–0.29μm (volume modal diameter), 
similarly to dust, and the coarse mode is at about 5.0μm (Alados-Arboledas et al., 
2011; Gómez-Amo et al., 2017). This agrees with AERONET values reported for 
biomass burning aerosols all over the world (Sayer et al., 2014). Similar to dust and 
smoke, marine aerosols observations at the Ersa site in northern Corsica in summer 
2013 show a fine mode located around 0.3μm, but a larger coarse mode at about 
7μm, consistently with in situ surface data taken at the same site (Claeys et  al., 
2017). The study by Gerasopoulos et al. (2007) compared the mass size distributions 
obtained by cascade impactor sampling to those retrieved by AERONET between 
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2004 and 2006 at a remote coastal station in Greece. Seven distinct modes are 
identified in the diameter range 0–10μm. Of these, the  “Accumulation 1” 
(0.25–0.55μm) and “Coarse 2” (3–7μm) modes are dominant, in line with the 
AERONET studies.

2.2  In Situ Measurements

In order to more thoroughly characterize the impacts of atmospheric aerosols on 
climate and health, one has to know their number, surface, and volume/mass size 
distributions on the largest possible size spectrum, including ultrafine and coarse 
diameters. This type of measurement is complex, as it requires a combination of 
various in situ analyzers based on different physical principles for different size 
classes. The submicron fraction of atmospheric aerosols is commonly sized in terms 
of the electrical mobility diameter (i.e., the diameter of a sphere with the same 
migration velocity in a constant electric field as the particle of interest) by using the 
differential mobility particle sizer (DMPS), working in the range going from few 
nm up to 900 nm. Optical particle counters (OPCs) use the light scattering technique 
to provide the aerosol number size distribution between approximately 300 nm to 
100μm as optical equivalent diameter (i.e., the diameter of a sphere of given or 
assumed refractive index scattering the same amount of radiation into a given solid 
angle). Aerosol sizing over a large diameter range including supermicron diameters 
can be also performed by individual particle characterization by transmission and/
or scanning electron microscopy on particles collected by filtration or impaction; in 
this case, the size distribution is expressed as a function of the projected−area 
equivalent diameter (i.e., the diameter of a circle with the same area of the particle 
under investigation as obtained from the 2-dimensional aerosol image projection). 
The aerosol size distribution in terms of the aerodynamic diameter (i.e., the diameter 
of a sphere of unit density having the same terminal velocity in an accelerated 
airflow as the irregularly shaped particles) can be measured by Aerodynamic Particle 
Sizers (APS), working in the range going from about 500 nm to 20μm. Finally, 
multistage filtration or cascade  impaction sampling coupled with gravimetric or 
chemical analysis can be applied to retrieve the mass size distributions of aerosols. 
The full aerosol number/mass size distribution over the entire sub- to supermicron 
diameter range can be reconstructed from the combination of these different 
measurement techniques, an exercise which however is far from being without 
ambiguity (e.g., DeCarlo et al., 2004; Formenti et al., 2011; Ryder et al., 2013) for 
two main reasons: first, the necessity to refer to a same diameter definition (electrical 
mobility, optical, projected-area, aerodynamic) when combining different datasets, 
which implies performing a priori assumptions on the physicochemical properties 
of the (generally unknown) aerosol population and, second, the possible occurrence 
of size-dependent biases possibly varying with the sizing technique as a function of 
the specific sampling conditions, i.e., lowered sampling efficiencies for specific size 
ranges. This second issue may particularly affect airborne data from research aircraft 
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due to the low pressure and high speed (Ryder et al., 2013). In order to ensure the 
robustness of the obtained aerosol size distribution, whenever it is possible, the 
accuracy of the collected data should be evaluated through validation/intercomparison 
studies based on mass and optical closures.

Numerous intensive campaigns using both ground-based, airborne, and balloon- 
borne platforms reported on in situ measurements of the number and mass size 
distributions across the Mediterranean basin using mostly optical and condensation 
counters and multistage impactor sampling (Table 1). Although spatially sparse and 
often focused on specific events, these data constitute the most accurate method for 
describing in detail the spatial and vertical variability of the aerosol size distribution 
on scales ranging from local to regional. In particular, airborne observations are 
among the only in situ data of aerosol size distribution over the sea surface. Often 
the mass size distribution is reported for individual chemical components by using 
a combination of impactor sampling and analysis by ion beam or chemical extraction 
techniques (e.g., Dulac et  al., 1989; Ichoku et  al., 1999; Maenhaut et  al., 1999; 
Formenti et  al., 2001; Masmoudi et  al., 2003b; Smolík et  al., 2003; Kuloglu & 
Tuncel, 2005). This allows distinguishing the relative contribution of anthropogenic 
and natural sources to the aerosol load. As an example, at Sde Boker in Israel, the 
fine mode mass distribution is dominated by anthropogenic aerosols generated by 
conversion of long-range transported SO2 and other combustion products, whereas 
an enhancement in the coarse mode is related to intrusion of Saharan mineral dust 
(Maenhaut et al., 1999). These authors were also able to identify the seasonal cycle 
in the relative contributions of pollution and dust to size distribution.

Recent airborne data, and in particular those acquired during the project 
ChArMEx (Chemistry-Aerosol Mediterranean Experiment) including the TRAQA, 
SAFMED, and ADRIMED surface and airborne campaigns in summers 2012 and 
2013, have provided new data of the ultrafine and coarsest aerosol modes and their 
vertical and spatial distribution across the Mediterranean, which we explore further 
in the two following paragraphs.

2.3  In Situ Observations of the Ultrafine Particle Mode

As part of ChArMEx, the TRAQA and SAFMED airborne campaigns in the north-
western Mediterranean basin have evidenced the presence of both fine and ultrafine 
aerosols as far as 250 km from the coastline (and up to 4 km in height) in summer-
time (Di Biagio et al., 2015, 2016). The combined analysis of the plumes chemical 
composition and size suggested the mixing of fresh and aged pollution air masses 
mostly corresponding to export from inland areas and coastal cities in southern 
Europe. Below 350 m in the boundary layer, the volume size distribution had two 
equally abundant main modes, occurring frequently in the Mediterranean as indi-
cated from AERONET observations. The fine mode is centered between 0.13 and 
0.23μm and the coarse one between 5 and 8μm as number modal diameter (NMD), 
corresponding to a fine mode of 0.15–0.25μm and a coarse mode between 4 and 
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Table 1 Summary of intensive studies targeted at aerosol physicochemical and radiative properties 
and including size observations performed in the Mediterranean basin in the last two decades 
based on in situ measurements using ground-based and airborne platforms

Location
Level/
Platform Campaign Period References

Negev desert, 
Israel

Surface ARACHNE (Aerosol, 
RAdiation and CHemistry 
Experiment)

Summer 
1996

Ichoku et al. (1999) 
Maenhaut et al. 
(1999), Formenti 
et al. (2001), 
Andreae et al. 
(2002)

Thessaloniki, 
Greece

Surface MEDUSE (MEditerranean 
DUSt Experiment)

June 1997 Chazette and 
Liousse (2001)

Southern Aegean 
Sea and 
Finokalia, Crete

Airborne 
and 
surface

STAAARTE (Scientific 
Training and Access to 
Aircraft for Atmospheric 
Research Throughout 
Europe)

June 1997 Dulac and Chazette 
(2003)

Aegean Sea Airborne STAAARTE-MED 
(Scientific Training and 
Access to Aircraft for 
Atmospheric Research 
Throughout Europe - 
Mediterranean campaign)

Summer 
1998

Formenti et al. 
(2002)

Lampedusa Isl., 
Italy

Airborne, 
Surface

PAUR (Photochemical 
Activity and Ultraviolet 
Radiation)

May 1999 Junkermann 
(2001), Di Iorio 
et al. (2003)

Mt. Cimone, 
Italy

Surface MINATROC (Mineral Dust 
and Tropospheric 
Chemistry)

June–Dec. 
2000

Bonasoni et al. 
(2004)

June–July 
2000

Van Dingenen et al. 
(2005)

Lampedusa Isl., 
Italy

Surface C–MARE (Central 
Mediterranean Aerosol and 
Radiation Experiment)

Sept.–Oct. 
2004

di Sarra et al. 
(2005)

Airborne, 
Surface

GAMARF (Ground–based 
and Airborne Measurement 
of the Aerosol Radiative 
Forcing)

April–May 
2008

Meloni et al. 
(2015)

Basilicata, Italy Airborne MORE (Marine Ozone and 
Radiation Experiment)

June 2010 Pace et al. (2015)

Southern France Surface ESCOMPTE (Expérience 
sur Site pour Contraindre 
les Modèles de Pollution 
atmosphérique et de 
Transport d’Emissions)

June–July 
2001

Mallet et al. (2003)

Barcelona, Spain Surface – Nov. 
2003–Dec. 
2004

Pey et al. (2008)
Pey et al. (2009)
Dall’Osto et al. 
(2012)

Surface SAPUSS (Solving Aerosol 
Problems by Using 
Synergistic Strategies)

Fall 2010 Brines et al. (2014)

(continued)
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Table 1 (continued)

Location
Level/
Platform Campaign Period References

Montseny, Spain Surface – Nov. 
2010–May 
2011 and 
mid-Oct. 
2011–mid- 
Dec. 2011

Cusack et al. 
(2013a, 2013b)

Western 
Mediterranean

Airborne HYMEX (HYdrological 
cycle in Mediterranean 
Experiment)

Sept.–Nov. 
2012

Rose et al. (2015)

Balloon- 
borne

ChArMEx (the Chemistry- 
Aerosol Mediterranean 
Experiment)

Summer 
2013

Renard et al. 
(2018)

Airborne TRAQA (Transport and Air 
QuAlity)

June–July 
2012

Di Biagio et al. 
(2015, 2016)

Airborne SAFMED (Secondary 
Aerosol Formation in the 
MEDiterranean)

July 2013

Airborne, 
Surface

ADRIMED (Aerosol Direct 
Radiative Impact on the 
regional climate in the 
MEDiterranean region)

June 2013 Denjean et al. 
(2016), Mallet et al. 
(2016)

Lampedusa Isl., 
Italy

Surface June 2013 Mallet et al. (2016, 
2019)

Ersa (Corsica 
Isl.), France 
and Finokalia 
(Crete Isl.), 
Greece

Surface ChArMEx (the Chemistry- 
Aerosol Mediterranean 
Experiment) enhanced 
observation period (EOP)

May 
2012–August 
2013

Berland et al. 
(2017)

9.6μm as VMD. High number concentrations (up to 20,000 cm−3) of ultrafine or 
Aitken particles, measured in the size range 4–100 nm, were observed in several 
cases, both in the boundary layer and in the free troposphere during the TRAQA and 
SAFMED campaigns. Examples of different Aitken and accumulation mode aerosol 
vertical concentration profiles during TRAQA showing layers with enhanced Aitken 
mode particles are shown in Fig. 3.

Some of the cases observed during TRAQA and SAFMED corresponded to a 
concurrent increase in the concentration of accumulation mode particles. As shown 
for instance in Fig. 3a, which refers to the SAFIRE ATR-42 flight V31, the dNAitken 
increase between 1000 and 3000 m corresponds to simultaneous increase of dNAcc 
(but also CO and ozone not reported in the figure), suggesting a layer directly 
transported from a region emitting in the Aitken size range. In other cases, the 
ultrafine aerosol was not related to simultaneous accumulation mode and ozone 
increases in the layer, suggesting the occurrence of NPF events over the basin. Panel 
(b) corresponds to flight V28b: the enhanced dNAitken layer at about 100  m, not 
related to dNAcc increase, is possibly related to surface emissions over the sea surface 
(e.g., ship emissions) and NPF events. Panel (c) corresponds to flight V26: the layer 
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Fig. 3 Vertical profiles of the accumulation and Aitken number particle concentrations (dNAcc, 
dNAitken) for three flights of the SAFIRE ATR-42 during the TRAQA campaign. The horizontal 
lines indicate the height of the marine atmospheric boundary layer (MABL; dotted line) and the 
planetary boundary layer (BL; continuous line): (a) flight V31; (b) flight V28b; (c) flight V26. 
Particle concentrations are expressed as the number of particles per standard cubic centimeter (i.e., 
at standard temperature and pressure (STP) conditions T  =  293.15  K and p  =  1013.25  hPa). 
(Modified from Fig. 10 in Di Biagio et al. (2015))

of enhanced dNAitken in the free troposphere between 3500 and 4500 m is possibly 
related to a NPF event.

Measurements of ultrafine particles are rare in the Mediterranean with only few 
long-term time series of in situ observations available in coastal areas in the western 
(Pey et al., 2008; Cusack et al., 2013a) and eastern (Kopanakis et al., 2013; Kalivitis 
et al., 2019) parts of the basin. Additional data are available over the sea surface 
from past intensive field campaigns. Airborne measurements during the C–MARE 
and GAMARF campaigns in the open sea site of Lampedusa reported ultrafine 
particle concentrations lower than 3000 cm−3 in the boundary layer (di Sarra et al., 
2005; Meloni et al., 2015). Concentrations up to 12,000 cm−3 for ultrafine aerosols 
were obtained at a coastal site with complex orography in Southern Italy during the 
MORE experiment with evidence of local pollution and possibly nucleation 
phenomena associated with the events (Pace et al., 2015). The study by Rose et al. 
(2015) based on HYMEX observations also reported on NPF events over the open 
sea in the western basin. These authors showed that NPF events occur over large 
areas above the sea in mass types with different origins. Observations by Rose et al. 
further indicate that significant high concentrations of particles in the size range 
5–10  nm correspond to fetches (time spent by the airmass over the sea surface) 
spanning between 0 and 60 h and that ultrafine concentration maxima do not 
consistently correspond to low fetches, therefore supporting the hypothesis that 
local marine precursors may significantly contribute to NPF over the basin. Mallet 
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et  al. (2005) reported on ultrafine aerosol measurements during a summertime 
photochemical pollution event in the Marseille area, Southern France, 60 km inland. 
They measured vertical profiles of particles’ concentration larger than 7 nm in two 
consecutive days in the early morning and at noon. The aerosol concentration in the 
boundary layer was observed in both days to be lower in the morning (4000 cm−3) 
than at noon, when it reached values of 12,000 cm−3 in the first day and more than 
40,000 cm−3 in the second day of measurements. Berland et al. (2017) reported on 
ground-based measurements at Ersa (Corsica) and Finokalia (Crete) over a 1-year 
period (2013) and for the 2013 summer season also at Mallorca (Spain) and 
combined to aircraft data during ADRIMED and SAFMED to study the contribution 
of NPF at the scale of the basin. They found that NPF events leading to enhanced 
ultrafine particle concentrations occurred about 35% of the time at Ersa and 
Finokalia with a similar seasonal pattern showing a maximum in spring. The NPF 
formation was interestingly observed for 20% of the cases to occur simultaneously 
at least at two of the three stations considered, which suggests the regional–scale 
character of NPF events and ultrafine particle distribution in the Mediterranean area. 
In another chapter of this book, Junkermann (2022) also reports ultrafine particle 
size distribution measurements performed with an ultralight aircraft up to 3.5 km in 
altitude in Corsica and Malta during TRAQA and ADRIMED campaigns, 
respectively. The role of shipping as a large source of ultrafine particles over the 
Mediterranean is highlighted.

2.4  In Situ Observations of the Coarse Mineral Dust 
Particle Mode

Airborne measurements during the ChArMEx campaign in 2013 have also provided 
new data on the size of Saharan dust under transport conditions with particular 
focus on its coarsest sizes. First observations of the coarse dust size distribution 
were provided in few studies over the basin (e.g., De Falco et al., 1996).

An accurate description of the coarse mode of mineral dust is vital since the pres-
ence of large particles enhances the capacity of mineral dust in absorbing shortwave 
and longwave radiation (e.g., Ryder et al., 2013) and affects cloud formation (e.g., 
Koehler et al., 2009) and atmospheric chemistry (e.g., Bauer et al., 2004). Aircraft 
observations of dust aerosols above 1.5 km in the western Mediterranean during 
ADRIMED were reported in Denjean et al. (2016). The dust number size distribu-
tion was parameterized as a four-mode lognormal function, and the coarse mode 
was located between 1.3 and 2.5μm (number modal diameter or NMD, correspond-
ing to values between about 7 and 19μm for the VMD) regardless of the altitude, 
indicating a vertically well-mixed coarse mode. Below 300 nm in diameter, the dust 
aerosols were externally mixed with pollution particles. The effective coarse diam-
eter (Deff, coarse, calculated between 1 and 20μm) was within 3.8 and 14.2μm indepen-
dently of the transport time (estimated at 1–5 days for the measured episodes during 
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ADRIMED), suggesting that the dust transported over the Mediterranean conserves 
its coarse mode. This persistence of the coarse mode was explained in Denjean et al. 
(2016) by the presence of temperature inversions in the middle troposphere, as 
observed from aircraft sondes, which kept the dust confined in a stable stratified 
layer. Additional observations were performed with sounding and quasi-Lagrangian 
drifting balloons launched from Menorca island in the western Mediterranean and 
embarking a new OPC counter (Renard et al., 2016, 2018). The balloon OPC mea-
sured persistently aerosols larger than 15μm in diameter within a dust plume sam-
pled between the 16th and the 19th of June originated a few days before in northern 
Africa, in agreement with aircraft observations over the same area by Denjean et al. 
(2016). The size distribution could be fitted by a sum of three lognormal modes 
centered at (0.26 ± 0.04), (3.7 ± 0.4), and (30.4 ± 2.8) μm as volume median diam-
eter, which remained fairly stable during the transport over the basin. The persis-
tence of unexpected large particles (up to 50μm in diameter) as observed in Renard 
et al. (2018) suggests that a giant mode of dust aerosols is also efficiently trans-
ported in the Mediterranean basin, even if the mechanisms for this transport are still 
unknown since gravitational settling should quickly scavenge such a mode from the 
transported plume (e.g., Foret et al., 2006; Weinzierl et al., 2011).

Similarly, to the Mediterranean basin, particles larger than 10μm are measured 
after mid-range transport over the Atlantic Ocean (e.g., Ryder et al., 2013, 2018; 
Weinzierl et al., 2011, 2017), and indications for the long-range transport of giant 
mode dust also over the Atlantic are provided by van der Does et al. (2018). Figure 4 
compares the datasets of dust volume distribution measured in the Mediterranean by 
Denjean et al. (2016) with observations performed in the outflow of African dust in 
the eastern tropical Atlantic. Despite some differences in the submicron size fraction, 
i.e., an enhanced fine mode in the Denjean et al. (2016) dataset due to the mixing of 
dust aerosols with pollution particles in the Mediterranean, the data comparison in 
Fig. 4 suggests the consistency of the dust coarse mode conservation after mid- to 
long-range transport in the atmosphere.

3  Synthesis of Observations

As discussed in the previous paragraphs, a large body of observations of the 
Mediterranean aerosols size distribution is available thanks to long-term monitoring 
and intensive field campaigns. Data have been acquired with different techniques 
measuring number or mass/volume particle size distributions and different size- 
related diameters (e.g., optically effective, projected cross area, aerodynamic 
equivalent, etc.), and more or less constrained hypotheses, often different from a 
study to another, are necessary to convert one distribution to the other. Despite these 
difficulties, Tables 2 and 3, respectively, present (i) a synthesis of mass median 
diameters (MMD) given as EAD (equivalent aerodynamic diameter) obtained by 
cascade  impactor sampling at various ground-based locations and for various 
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Fig. 4 Volume size distributions of dust aerosols measured airborne during the ADRIMED cam-
paign and comparison to in situ dust size distribution measurements from campaigns in the eastern 
Atlantic Ocean. Data from Denjean et  al. (2016) refer to the average dust size  distribution in 
Fig. 7b; data from Weinzierl et al. (2011) are retrieved from the average number size distribution 
for dust in their Fig. 13; data from Ryder et al. (2013) refer to the dust “aged” category that is dust 
emitted 12–70 h prior in the Sahara Desert and are from their Fig. 2; data from Weinzierl et al. 
(2017) refer to observations at Cape Verde during a Lagrangian experiment and are retrieved from 
number distribution data in their Fig. 9; data from Ryder et al. (2018) are for the average of dust 
observations in the Saharan Air Layer (SAL) in their Fig. 6. For the sake of comparison, and in 
order to eliminate differences linked to different sampled concentrations, all size data are 
normalized to 1 at the maximum of the volume distribution. (Data are retrieved from cited 
publications)

aerosol types and (ii) effective diameters Deff obtained by AERONET or sun pho-
tometer retrievals across the basin.

In the case of mineral dust, MMD values vary between 2.3 and 6μm at various 
sampling sites located in transport regions, the highest values being obtained for the 
Israeli site of Sde Boker (Formenti et al., 2001; Maenhaut et al., 1999), possibly the 
closest to North African sources and itself located in a semi-arid environment. The 
effective diameter values for the coarse mode retrieved by AERONET are in the 
range 3.2–5μm for observations conducted in the proximity of source regions in 
Tunisia (Masmoudi et al., 2003a) and over transport areas in Turkey (Kubilay et al., 
2003), Italy (Masmoudi et  al., 2003a), and Spain (Gómez-Amo et  al., 2017). In 
agreement with the in situ airborne observations during ChArMEx (Denjean et al., 
2016; Renard et al., 2018), these observations suggest that changes in the coarse 
mode size distribution of dust aerosols due to transport are not important (or 
detectable) within the precision of optical and aerodynamic measurements.

From these studies, it is also indicated that, apart from dust, there are other con-
tributors to the aerosol coarse mode. Among the non-dust types, the largest coarse 
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Table 2 Mass median diameter (MMD) as equivalent aerodynamic diameter obtained by impactor 
sampling and elemental analysis at various ground-based locations and for various aerosol types

Aerosol type Location Tracer
MMD 
(μm) References

Sea salt Western Mediterranean Sea Na 4.6–10.8,
median 
5.9

Dulac et al. (1989)

Antalya, Southern Turkey Cl 5.3 Kuloglu and Tuncel 
(2005)

Finokalia, Crete, and 
Aegean Sea

5 Smolík et al. (2003)

Mineral dust Capo Cavallo, Corsica Al 2.3 ± 0.4 Dulac et al. (1989)
Western Mediterranean Sea 1.9–5.2,

median 
2.8

Sde Boker, Negev Desert, 
Israel

6 Maenhaut et al. 
(1999)
Formenti et al. (2001)

Finokalia, Crete, and 
Aegean Sea

4 Smolík et al. (2003)

Antalya, Southern Turkey 3.45 Kuloglu and Tuncel 
(2005)

Anthropogenic 
pollution

Sde Boker, Negev Desert, 
Israel

V 0.3 and 6 Maenhaut et al. 
(1999)
Formenti et al. (2001)

Finokalia, Crete, and 
Aegean Sea

0.3 and 3 Smolík et al. (2003)

Antalya, Southern Turkey 1.21 Kuloglu and Tuncel 
(2005)

Western Mediterranean Sea Pb 0.69 Dulac et al. (1989)
Finokalia, Crete, and 
Aegean Sea

1 Smolík et al. (2003)

Antalya, Southern Turkey 0.77 Kuloglu and Tuncel 
(2005)

Finokalia, Crete, and 
Aegean Sea

S 0.3 and 3 Smolík et al. (2003)

Antalya, Southern Turkey 0.63a Kuloglu and Tuncel 
(2005)Zn 1.24

aAs SO4
2−

effective diameters are observed during extremely intense biomass burning events 
(> 4.0μm in Gómez-Amo et al. (2017) for a biomass burning smoke event with an 
exceptional AOD of 8 at 500 nm wavelength as estimated from AERONET observa-
tions). These intense fires can lift large carbon aggregates, ashes, and unburnt mate-
rial quite efficiently.

Another important finding of recent studies is that the aerosol number and mass 
concentration – in particular for the fine mode – measured in remote regions over 
the sea surface across the basin are comparable to that measured in coastal cities and 
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Table 3 Overview of mean effective diameter (Deff) of column-integrated volume distributions of 
aerosols retrieved over the Mediterranean basin by AERONET or other sun photometer 
observations. Fine, coarse, and total indicate that data refer to the fine mode, coarse mode, and total 
size distribution, respectively. Data for Kubilay et al. (2003) and Gómez-Amo et al. (2017) for fine 
and coarse effective diameters have been recalculated from the published size distribution by 
applying Eq. (2) and by assuming that the separation between fine and coarse particles occurs for 
a radius (diameter) of 0.5 (1) μm. Note that the same criteria is not applied in all datasets: Logothetis 
et al. (2020) assume fine and coarse particles for radius respectively below and above 0.992 μm in 
their calculations

Location
Dominant aerosol 
type Deff (μm) References

Erdemli, South coastal Turkey 
(36°N, 34°E), 3 m a.s.l.

Desert dust 0.12 (fine)
3.9 (coarse)

Kubilay et al. (2003)

Thala, Tunisia (35°N, 8°E), 
1091 m a.s.l.

Average over 
April–June 2001

4.6 ± 0.84 (coarse) Masmoudi et al. 
(2003a)

Oristano, Sardinia Isl., Italy 
(39°N, 8°E), 10 m a.s.l.

4.7 ± 0.60 (coarse)

Rome Tor Vergata, Italy (41°N, 
12°E), 130 m a.s.l.

5.0 ± 0.58 (coarse)

Crete Isl., Greece (35.3°N, 
25.3°E), 20 m a.s.l.

Average over Jan. 
2003–Dec. 2004

0.26 (fine)
4.2 (coarse)

Fotiadi et al. (2006)

Granada, Spain (37°N, 4°W), 
680 m a.s.l.

Biomass burning 0.3–0.4 (total) Alados-Arboledas 
et al. (2011)

109 stations within 29–47°N, 
11°W–39°E

Aerosol 
climatology 
2000–2013

0.7 (total, median) Gkikas et al. (2016)

Desert dust 
climatology 
2000–2013

1.1–2.8 (total)
1.5 (total, median)

Valencia, Spain (40°N, 0.4°W), 
60 m a.s.l.

Summer 
background

0.22 (fine)
4.1 (coarse)
0.6 (total)

Gómez-Amo et al. 
(2017)

Desert dust 0.25–0.36 (fine)
3.2–3.8 (coarse)
1.0–1.6 (total)

Smoke 0.25–0.27 (fine)
4.0–4.3 (coarse)
0.4–0.7 (total)

Residual smoke 0.22 (fine)
4.1–4.4 (coarse)
0.7–0.8 (total)

South Europe (9 stations) Aerosol 
climatology 
2008–2017

0.28–0.38 (fine)
3.86–4.92 (coarse)
0.6–1.0 (total)

Logothetis et al. 
(2020)

North Africa and the Middle 
East (10 coastal stations)

0.22–0.30 (fine)
3.46–3.80 (coarse)
1.00–1.42 (total)
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Table 4 Comparison of the number concentrations (in number per standard cm−3) in the Aitken 
(dNAitken, 4–100  nm) and accumulation (dNAcc, 0.1–1μm) modes observed during the two 
ChArMEx/TRAQA and ChArMEx/SAFMED airborne field campaigns, together with those 
reported in the literature for airborne observations in continental Europe

Atmospheric 
layer

Particle 
mode

Particle number concentration (scm−3)
TRAQA and SAFMED 
campaigns

Other literature over continental 
Europe

Free 
troposphere

dNAitken 0–19250 812–9149a; 0–980b

dNAcc 34–3233 20–80c; 25–85b; 0–500d

Boundary layer dNAitken 4–22471 1037–31370a; 1000–20000e; 
0–30000f; 0–19000b

dNAcc 90–3215 70–560c; 10–50e; 400–1200b; 
0–2000d

Adapted from Table 2 in Di Biagio et al. (2015)
aMallet et al. (2005), south-eastern France, June 2001; size range dNAitken (0.006–0.6μm)
bHamburger et al. (2012), central Europe, May 2008; size range dNAitken (0.004–0.15μm), dNAcc 
(>0.15μm)
cPetzold et al. (2002), central Europe, July–August 1998; size range dNAcc (>0.15μm)
dHighwood et  al. (2012), central Europe, May 2008; size range dNAitken (0.004–0.15μm), dNAcc 
(>0.15μm)
eWiegner et al. (2006), Germany, May 2003; size range dNAitken (>0.01μm), dNAcc (>0.3μm)
fJunkermann (2009), Po Valley, July–August 2002 and September–October 2003; size range 
dNAitken (>0.01μm)

continental Europe, suggesting that a non-polluted atmosphere over the 
Mediterranean is very rare. This point is illustrated in Table 4 where the number 
concentrations for Aitken and accumulation mode particles measured over the sea 
in the Western Mediterranean basin in Di Biagio et  al. (2015) are compared to 
literature values for continental Europe. On the contrary, in clear conditions, as 
often observed in case of high wind speeds (Mallet et  al., 2019), the ultrafine 
particles concentration over the basin can be lower than 500  cm−3 and the 
accumulation mode concentration lower than 20 cm−3 (Pace et al., 2015; Di Biagio 
et al., 2015). For comparison, the number concentration for the coarse mode (>1μm 
diameter) may reach 4–40 cm−3 for moderate to intense dust events (Bonasoni et al., 
2004; Di Biagio et al., 2015; Pace et al., 2015; Denjean et al., 2016).

4  Summary and Challenges for Future Research

The ensemble of observations discussed in this section points out different aspects 
of the size distribution for Mediterranean aerosols: (i) in the Mediterranean basin, 
the volume size distribution above 100 nm in diameter is basically bimodal, with 
anthropogenic particles mostly contributing to the fine mode, while different particle 
types contributing to the coarse mode (dust, smoke, marine particles); (ii) ultrafine 
particles (<100 nm diameter) are ubiquitous over the basin, and NPF events mostly 
leading to these ultrafine particles occur at the regional scale over the basin, 
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independently of the air mass origin, and both in the boundary layer and the free 
troposphere; (iii) observations of coarse and giant particles during dust events are in 
agreement with similar observations in the Atlantic and support the efficiency of 
atmospheric transport of dust aerosols with diameters above 10μm over long 
distances; (iv) pristine conditions are very rarely encountered over the basin.

While much information on the Mediterranean aerosol size distribution has been 
acquired in recent years, at present, we still miss a complete regional characterization 
of the aerosol size over the whole basin including seasonal effects. Such regional- 
scale dataset could be efficiently derived from satellite observations. Many studies 
reports on data over the Mediterranean from the Moderate Resolution Imaging 
Spectroradiometer (MODIS) (Papadimas et  al., 2008, 2009; Gkikas et  al., 2009, 
2016), the combination of MODIS and the Total Ozone Mapping Spectrometer 
(TOMS) (Hatzianastassiou et  al., 2009), the Sea-Viewing Wide Field-of-View 
Sensor (SeaWiFS) (Antoine & Nobileau, 2006), the POLarization and Directionality 
of the Earth’s Reflectances (POLDER) radiometer on PARASOL (Polarization & 
Anisotropy of Reflectances for Atmospheric Sciences coupled with Observations 
from a Lidar) (Formenti et al., 2018), or combination of different products (Nabat 
et  al., 2013). Today satellites allow retrieving only partial information, as the 
column-averaged aerosol Angström exponent or the effective aerosol diameter. 
Further observation and retrieval capabilities need to be developed in the future to 
allow retrieving the aerosol size distribution from satellites. This is crucial to 
improve our understanding of the regional, seasonal, annual, and long-term aerosol 
size distribution.
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Abstract Aerosol over the Mediterranean region is composed of a challenging mix 
of aerosol components from natural and anthropic sources, primary emitted or 
secondary formed in the atmosphere. In this chapter, we report a synthesis of the 
reactivity of the main aerosol components in the Mediterranean region. In particular, 
the reaction between Saharan dust, sea salt, ammonia, carbonaceous components 
with acids (and their gaseous precursor) and oxidant (e.g., ozone) are reported. The 
knowledge of aerosol reactivity is crucial in a climate change context environment 
because reactions are able to change the chemical and physical properties of aerosol 
particles, especially the gas/condensed phase interface. The products of the reactions 
usually present higher solubility than precursors, therefore altering the original 
particles optical property and their capability to form cloud condensation nuclei. 
For these reasons, studies on aerosol chemical reactivity in the Mediterranean atmo-
sphere are highly appreciated.
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1  Preamble and Definitions

Due to the presence of a high number of primary and secondary sources over the 
Mediterranean basin, the knowledge of mixing and reactions between the different 
aerosol types is important. The degree of particle mixing and aging changes the 
aerosol composition and possibly its optical and hygroscopic properties as well as 
its lifetime.

Many different reactive aerosol particle types occur in the Mediterranean region 
such as mineral dust, sea salt, natural and anthropogenic organic, black carbon and 
sulphate/sulphuric acid particles. In the following, a summary of the main inorganic 
and organic components found in the Mediterranean is given.

1.1  Non-carbonaceous Aerosol Composition

In the Mediterranean region, sulphate (SO4
2−) and ammonium (NH4

+) have been 
identified as the main ionic components of the submicron aerosol soluble fraction 
independent of the season, accounting for up to 90% of the total ionic content in the 
fine fraction both  for the eastern (Bardouki et al., 2003; Sciare et al., 2005) and 
western (Sellegri et  al., 2001; Putaud et  al., 2004a; Carbone et  al., 2014; Cerro 
et  al., 2020) basin as well as the Adriatic (Tursic et  al., 2006) areas. Significant 
correlation between non-sea-salt (nss) sulphate and ammonium has been observed 
in the northeastern and the southern Mediterranean region (Guerzoni et al., 1995; 
Mihalopoulos et al., 1997; Koçak et al., 2004). The correlation between these two 
species in the fine mode indicates a gas-to-particle conversion of this aerosol. 
Indeed, the heavy emission of gaseous precursors, such as SO2 and NH3 from con-
tinental anthropized areas in central and eastern Europe in combination to efficient 
vertical transport due to surface heating, can constitute a significant source of par-
ticles to the free troposphere (Carbone et al., 2014). These particles can eventually 
be transported over long distances, in particular towards the less anthropized areas 
over Mediterranean Sea.

For the coarse mode, nitrate, chloride, sodium and calcium are identified as main 
ionic soluble components. Among the ions arising from sea spray, chloride and 
sodium are the dominant species especially in coastal sites (e.g., Querol et al., 2009; 
Becagli et  al., 2017). The calcium contribution is directly correlated to the dust 
intrusions when air masses originated from North Africa or the Middle East (Koçak 
et al., 2004; Marconi et al., 2014; Gobbi et al., 2019). Mineral dust originating from 
the Sahara is one of the most abundant aerosols encountered in the Mediterranean 
(e.g., Pey et al., 2013), but it has a sporadic character. For instance, at Lampedusa 
island in the central Mediterranean Sea in the time period 2004–2010, the crustal 
contribution to PM10 has an annual average value of 5.42 μg m−3 and reaches a value 
as high as 67.9 μg m−3 (corresponding to 49% of PM10) during an intense Saharan 
dust event (Marconi et al., 2014). Saharan dust chemistry is variable depending on 
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the history of geological basement (e.g., Formenti et al., 2008; Scheuvens et al., 
2013) and distinctly different from dust originating from other desert areas (Guieu 
et al., 2002 and references therein; Saydam & Senyuva, 2002; Krueger et al., 2004). 
In particular, Saydam and Senyuva (2002) suggest that the presence of specific 
fungi releasing oxalate in cloud water favours the photochemical production of 
bioavailable iron by Saharan dust.

The knowledge of Saharan dust mineralogical composition is useful to under-
stand its surface  reactivity. By XRD analysis of bulk aerosol samples, the most 
important mineral phases of northern African dust were identified: quartz, feldspars 
(plagioclase, K-feldspar), carbonates (calcite, dolomite, rarely Mg-calcite), 
sulphates (gypsum, anhydrite), chlorides (halite), micas (muscovite, biotite), iron 
oxides (hematite, magnetite), iron hydroxides (goethite) and titanium oxide phases 
(amphibole, pyroxene; Scheuvens et al., 2013 and references therein). 

The northern region of the Saharan desert is characterized by higher carbonate 
contents, whereas the Sahelian zone contains lower amounts of carbonates (Moreno 
et al., 2006; Formenti et al., 2008; Kandler et al., 2011; Klaver et al., 2011).

1.2  Carbonaceous Aerosol

Carbonaceous aerosol constitutes a significant fraction of atmospheric particle mass 
concentrations in the continental areas of the Mediterranean region (Querol et al., 
2009; Contini et  al., 2018;  Galindo et  al., 2019). The carbonaceous fraction is 
usually classified into organic carbon (OC) and elemental carbon (EC). EC is a 
primary particulate  pollutant emitted directly from fossil fuel combustion and 
biomass burning. In contrast, OC can either be emitted directly from combustion 
processes and other sources (primary organic carbon or POC) or formed in the 
atmosphere by oxidation reactions (secondary organic carbon or SOC). In urban 
areas, vehicle emissions are an important source of POC, whereas secondary organic 
aerosols (SOA) may be formed from the oxidation of both anthropogenic and 
biogenic volatile organic compounds (De Gouw & Jimenez, 2009). An actual 
separation between POC and SOC, however, is challenging when the timescales of 
emission and gas-to-particle formation overlap.

In contrast to inorganic aerosol, which is mostly composed of a few well- 
characterized components, organic aerosol is composed of thousands of species, 
many of them not characterized in detail (Goldstein & Galbally, 2007). Furthermore, 
the organic aerosol is dynamic and may have multiple gas-to-particle conversion 
pathways: most of its components are semi-volatile and can evaporate under 
atmospheric conditions; as gases, they can diffuse easily, be further processed in the 
atmosphere and undergo re-partitioning to the aerosol phase (Robinson et al., 2007). 
In a number of studies, positive matrix factorization (PMF) was used for the source 
apportionment of organic aerosols (e.g., Hildebrandt et al., 2010, 2011; Bougiatioti 
et  al., 2014; Minguillón et  al., 2016; Arndt et  al., 2017; Michoud et  al., 2017), 
sometimes combined with meteorological information (Petit et al., 2017). For PM1 
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samples collected at Lampedusa, Mallet et al. (2019) show that the dominant factor 
in summer (53% of the PM1 organic aerosol mass) consists of more oxygenated 
(therefore oxidized) organic aerosol. It is correlated with SO4

2− and is generally 
dominant when air masses originate from the eastern Mediterranean and central 
Europe. The formation of oxidized compounds from precursors is due to the 
meteorology of the basin, and to other conditions such as high solar irradiation and 
summer temperature, and high relative humidity favouring secondary aerosol 
formation processes (Pey et al., 2009; Im et al., 2012; Pérez et al., 2016). Conversely, 
less oxidized oxygenated organic aerosol was more prevalent during westerly winds 
with air masses originating from the Atlantic Ocean, the western Mediterranean and 
at high altitudes over France and Spain from mistral winds (Mallet et al., 2019).

Biomass-burning aerosol (BBA) constitutes a significant fraction of primary 
organic aerosol (POA) (Bond et al., 2004) and secondary organic aerosol (SOA), 
derived from oxidative aging of volatile and semi-volatile organic vapours emitted 
from biomass-burning plumes (Decesari et al., 2002; Hallquist et al., 2009; Carrico 
et al., 2010). In summertime, air masses affected by wildfires sampled at Finokalia 
(Crete) hundreds of kilometres far from the source, showed that of the total organic 
aerosol (OA), about 20% is freshly emitted biomass-burning organic aerosol 
(BBOA), 30% is oxidized organic aerosol originating from BBOA (BB-OOA), and 
the remaining 50% is highly oxidized aerosol that results from extensive atmospheric 
ageing (Bougiatioti et al., 2014).

Water-soluble organic carbon (WSOC) compounds from gas-to-particle conver-
sion or heterogeneous reactions on pre-existing particles are found in the sub- and 
supermicron modes. The contribution of WSOC to the total ionic content and its 
composition is highly variable and depends on the sampling location. Oxalate is the 
main ionic species independent of particle size (Bardouki et al., 2003; Tursic et al., 
2006). During summer, the concentrations of oxalate, associated with acetate and 
formate, can account for up to 90% of the total organic ionic mass (Bardouki et al., 
2003), oxalate being an end-product of the photochemical degradation of the higher 
dicarboxylic acids and fatty acids after reaction with O3 (Kawamura & Sakaguchi, 
1999). On the contrary, Tursic et al. (2006) show that the organic mono−/di-acids 
represent between 0.13% and 3.3% to the WSOC, assuming a large contribution of 
polycarboxylic acids, as humic or fulvic acids.

Regarding the carbonaceous particles emitted by incomplete combustion pro-
cesses, casually referred to as soot, black carbon (BC) or elemental carbon (EC) 
particles depending on measurement method, it is necessary to specify the meaning 
of the many terms used in literature. The term black carbon (BC) is used to refer, in 
a general sense, to the most refractory, insoluble and strongly light-absorbing 
component of combustion particles. BC is essentially elemental carbon (EC), i.e., 
almost pure carbon with a graphitic-like chemical microstructure. These features 
distinguish BC from OC. The term BC-containing particle is used to refer to BC 
internally mixed with other particulate matter (Petzold et al., 2013). EC (or BC) 
represents a small fraction of the European atmospheric aerosol, typically 
contributing less than 10% to the total mass concentration of particles in both size 
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fractions smaller than 2.5 μm and 10 μm in diameter (Putaud et al., 2004a; Sciare 
et al., 2008; Zanatta et al., 2016). Despite being a minor mass fraction only, it has 
been argued that anthropogenic BC might cause the second largest positive radiative 
forcing after CO2 (Jacobson 2000; Bond et al., 2013).

2  Aerosol Mixing and Reactivity

The aerosol particle mixing state can be external (i.e., two or more particulate con-
stituents coexist in the same air mass, but in separate particles) or internal (i.e., two 
or more particulate constituents form mixed particles).

Using analytical electron microscopy, Ganor et al. (1998), Chabas and Lefèvre 
(2000) and Levin et al. (2005) investigated the individual particle composition of 
Mediterranean aerosols in land and sea breezes and in dust-laden air masses and 
reported on the internal mixing between soot, dust and sea salt, possibly as a result 
of cloud processing. Similar observations were made in other areas of the globe 
(Pósfai et al., 1994, 1995, 1999; Hasegawa & Ohta, 2002). Cook et al. (2007) also 
report internal mixing between sulphate and soot in airborne samples in the Northern 
Adriatic.

These studies, as well as various others (e.g., Caquineau et al., 1998; Falkovich 
et al., 2001; Formenti et al., 2001; Sobanska et al., 2003), reported on the abundance 
of sulphate particles in the form of gypsum (CaSO4) resulting from the heterogeneous 
reaction of gaseous H2SO4 on the surface of mineral CaCO3 particles and not from 
the coagulation of sulphate particles onto mineral dust.

In addition to microscopic analysis, the aerosol mixing state has also been inves-
tigated in many studies using hygroscopic tandem differential mobility analyser 
(HTDMA) measurements (see the chapter by Denjean, 2022).

3  Aerosol Chemical Reactivity

The atmospheric reactivity is highly affected by aerosols, as they offer to the sur-
rounding gas a surface that may potentially favour surface-mediated chemical reac-
tions (e.g., due to lower activation energies as in heterogeneous catalysis) and also 
a bulk condensed phase, in which reactions can take place that are not possible in 
the gas phase (such as electron transfer, acid-base reactions, hydrolysis, etc.) (see 
George et al., 2015 for a review). In this section, the common reactions of the main 
aerosol components with each other and with reactive gases are summarized. In 
particular, the surface  reactivity of dust, sea salt, NH3 and organic aerosols with 
inorganic acidic species (H2SO4, HNO3), their precursors (SO2, NOx) and O3 (and 
related radical species) is reported focusing on the Mediterranean region.
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3.1  Mineral Dust

The reactivity of mineral dust substrates with atmospheric trace gases can be sum-
marized as follows. In regard to the substrate, we may distinguish (i) reactive sys-
tems, owing to the presence of CaCO3 leading to formation of a gaseous reaction 
product (CO2) (Hanisch & Crowley, 2001a, b; Santschi & Rossi, 2006), and (ii) 
nonreactive systems leading to solid adsorbates such as nitrates, sulphites and 
sulphates without formation of a gas phase product except water vapour (Dentener 
et al., 1996; Ullerstam et al., 2003; Bauer et al., 2004a, b; Seisel et al., 2004; Bauer 
et al., 2007a, b; Mogili et al., 2006; Astitha et al., 2010; Crowley et al., 2010). The 
key to an understanding of the reactivity of calcite is the presence of a bifunctional 
surface intermediate Ca(OH)(HCO3); the involved reactions are:

 
Ca OH HCO HX Ca X HCO H O� �� � � � � �� � �3 3 2  (1)

 
Ca X HCO HX Ca X y H O CO� �� � � � � � � �3 2 2  (2)

where X = NO3, Cl, SO4, C2O4, CH3COO, or HCOO.
In the case of HNO3, the final solid reaction product is Ca(NO3)2. This reaction 

is rapid, corresponding to atmospheric timescales of hours. At low to moderate 
HNO3 exposures, the increase in the hygroscopicity of the particles is a linear 
function of the HNO3(g) exposure (Sullivan et  al., 2009a; Fig.  1). Besides, the 
hygroscopic conversion of the calcite component of atmospheric mineral dust 
aerosol will be controlled by the availability of nitric acid and similar reactants, and 
not by the atmospheric residence time (Sullivan et al., 2009a).

Calcium nitrate and calcium chloride are both more hygroscopic than calcite 
(CaCO3), activating similarly to ammonium sulphate. Conversely, calcium sulphate 
and calcium oxalate are significantly less CCN-active than calcite; therefore, the 
common assumption that all mineral dust particles become more hygroscopic and 
CCN-active after atmospheric processing should be smoothed, calcium sulphate 
and calcium oxalate are two realistic proxies for aged mineral dust that remain non- 
hygroscopic (Sullivan et al., 2009b).

Measurements in the Mediterranean (Koçak et  al., 2007; Pey et  al., 2009; 
Athanasopoulou et al., 2016; Cesari et al., 2016) result in correlations of mineral 
species with sulphate and nitrates. Besides, Falkovich et al. (2004) clearly showed 
the interaction of oxalic, acetic and formic acids with mineral dust particles, 
demonstrating the occurrence of reaction (1) and (2) in the dust plume. The extent 
of the reaction with the different species is highly variable; very low increases of 
sulphate, nitrate and various organic acids onto mineral dust particles were found by 
Aymoz et al. (2004) from measurements at the high-altitude site (Monte Cimone); 
Putaud et al. (2004b) have indicated that there was no significant SO4

2− formation 
onto mineral dust particles while NO3

− shifted to the super-μm fraction due to the 
adsorption of HNO3 onto dust particles during Saharan dust plumes. Athanasopoulou 
et  al. (2016) found that the formation of nitrate on Saharan dust is seasonally 
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Fig. 1 CCN activation curves of unreacted and reacted calcite aerosol at 50% relative humidity 
(RH). The arrow in the plot indicates the increase in CCN activity (critical supersaturation 
decreases) as HNO3(g) exposure (= concentration of HNO3 × reaction time) increases. Reaction 
time is in the range 4–25 s. After Sullivan et al. (2009a)

dependent in eastern Mediterranean due to the abundant availability of nitric acid 
during summer compared to the winter and to the accumulation of aerosol particles 
in the atmosphere that is favoured by the low precipitation rates during summertime.

Rutile (the most stable crystal structure of TiO2) has been proposed as a photoac-
tive redox-reactive ingredient of Saharan dust (George et  al., 2007). The role of 
nonreactive substrates may be either a mere support of surface-adsorbed water 
(SAW) or simply an inert substrate onto which trace gases may be irreversibly lost. 
Surface hydrolysis and surface disproportionation reactions are most frequently 
occurring. HNO3 has a high affinity towards basic surface hydroxyl groups leading 
to rapid uptake kinetics for both reactive and nonreactive substrates and resulting in 
the formation of surface nitrates:

 M OH +HNO M ONO +H O+
3

+
2 2

R
  O  (3)

Surface hydroxyl groups may be acidic (M-O−H+ leading to M-O− after titration of 
the proton by a strong base) or basic (M+OH− such in reaction (3), in which HNO3 
as a strong acid neutralize the hydroxyl ion of the metal(oxide)). Actually, M+ is not 
a metal cation because there are oxygen atoms/oxide anions surrounding M that are 
not shown in representation (3). Surface hydroxyl groups on rutile span the whole 
pH spectrum, from strongly basic to strongly acidic (Setyan et  al., 2009, 2010). 
Börensen et al. (2000) also highlight the importance of adsorbed H2O in the uptake 
of HNO3 on metal oxide surfaces and therefore on the yield of the reaction (3).

N2O5 reacts by surface hydrolysis with SAW, both on reactive and on nonreactive 
substrates. Akin to HNO3, N2O5 most rapidly reacts with the OH group of the 
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bifunctional intermediate on CaCO3, reaction (1). The NO3
• free radical reactivity is 

characterized by fast irreversible adsorption on any mineral dust surrogate without 
formation of a volatile, thus  a detectable reaction product (Karagulian & 
Rossi, 2005).

N2O4 (the dimer of NO2 that can be described as NO+NO3
−) is reactive because it 

leads to two stable species and it undergoes heterogeneous disproportionation on 
the mineral dust surface to surface nitrite and nitrate as well as to HONO when 
acidified:

 
N O g H O ads HONO g HNO ads2 4 2 3� � � � � � � � � � �  (4)

An interesting photocatalytic reaction of N2O4 with Saharan dust from Algeria, 
Tunisia, Morocco and Mauritania resulting in HONO has been found by George 
et al. (2007).

NH4NO3, which is a semi-volatile aerosol owing to its re-dissociation into NH3 
and HNO3 under ambient conditions, is often associated with mineral dust aerosol. 
It can form coatings around the particles, which recrystallize upon reaching the 
efflorescence RH (Han et al., 2002). This transformation changes the solubility of 
the originally insoluble pristine particles and alters the aerosol size distribution and 
its optical properties.

H2SO3 reacts with the HCO3
− surface functional group on CaCO3 in contrast to 

all investigated surface acids including H2CO3. It generates surface sulphites and 
bisulphites on nonreactive substrates that may be oxidized to surface sulphates and 
bisulphates on contact with atmospheric oxidants (e.g., O3 or NO2; Ullerstam et al., 
2002, 2003).

Due to the observed anticorrelation between O3 levels and the presence of aero-
sol particles in the same atmospheric strata, many studies on its heterogeneous 
chemistry with mineral dust surrogates have been performed (e.g., Usher et  al., 
2003). However, it became clear very soon that the uptake kinetics of O3 on mineral 
dust proxies is slow compared to the uptake of ozone precursors such as HNO3 and 
N2O5. Bauer et al. (2004a, b) modelled Saharan dust aerosol, O3 and HNO3 for a 
3-month period at Monte Cimone. They showed that uptake of atmospheric HNO3 
onto mineral dust aerosol is the most important factor in the reduction of tropo-
spheric ozone during dust storm episodes whereas the direct heterogeneous destruc-
tion of ozone is negligible.

Another important atmospheric ageing process of dust is the redox chemistry 
and dissolution of Fe- and P-containing minerals. The kinetics of these processes 
are of crucial importance in determining the speciation and thus the bioavailability 
of these elements, since most photosynthetic aquatic organisms can take up iron and 
phosphorus only in the dissolved form (see also Kanakidou et al., 2022).

Acidification of airborne dust particles increases the amount of bioavailable P 
and Fe deposited on the surface ocean (Shi et al., 2011; Stockdale et al., 2016).

Iron-containing mineral particles dissolve by three different mechanisms: (1) 
proton-promoted dissolution, (2) ligand-controlled dissolution, and (3) reductive 
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dissolution (Wiederhold et al., 2006; Cwiertny et al., 2008; Key et al., 2008). The 
first two processes ultimately increase Fe bioavailability through the generation of 
dissolved forms of Fe(III). The third mechanism, reductive dissolution, involves 
electron transfer to Fe(III) atoms on the particle surface to produce Fe(II), which is 
readily released into solution (Larsen & Postma, 2001). In the presence of light, 
oxalate dissolves goethite (a Fe(III) mineral) by a photochemical reductive 
mechanism, producing aqueous Fe(II) and CO2 (Sulzberger & Laubscher, 1995).

Fu et al. (2010) suggested that the Fe solubility is dependent on pH, light, O2, 
type of acids (e.g., HCl, H2SO4, HNO3), rather than temperature and reaction time. 
Indeed, the high concentration of nitric acid necessary to promote iron dissolution 
was also capable of suppressing the release of dissolved Fe(II) as nitrate could act 
as oxidant, favouring the formation of Fe(III) (Cwiertny et al., 2008).

Fe dissolution is much slower than P dissolution (Shi et al., 2011). Acid dissolu-
tion of P occurs rapidly (seconds to minutes) and is controlled by the amount of H+ 
ions present. For H+ < 10−4 mol g−1 of dust, 1–10% of the total P is dissolved, largely 
as a result of dissolution of surface-bound forms (Stockdale et al., 2016). When the 
aerosol particles are activated into clouds at lower pH, the Fe is likely to reprecipi-
tate as nanoparticles (Shi et al., 2009), whereas P does not reprecipitate (Stockdale 
et al., 2016).

Finally, Shi et al. (2011) indicate that the solubility of Fe depends on the dust 
mineralogical composition and, due to the differences in chemical weathering and 
aging of Fe oxides, there is a significant regional variability in the chemical and Fe 
mineralogical compositions of dusts across North African sources.

3.2  Sea Salt

Atmospheric sea salt particles undergo complex multiphase reactions (Finlayson- 
Pitts, 2003; Rossi, 2003) that have profound consequences on their evolving physi-
cochemical properties, especially in the areas influenced by anthropogenic 
emissions. A noticeable depletion of chloride in sea salt particles was reported in a 
number of field studies conducted in both polluted and pristine marine environments 
(Bardouki et al., 2003; Pio et al., 1996; Sellegri et al., 2001; Bardouki et al., 2003; 
Koçak et  al., 2004). The acid displacement reactions of sea salt chlorides with 
inorganic acids present in the atmosphere are attributed to the chloride depletion 
that can be expressed in a generalized form as follows:

 
NaCl HA NaA HClaer aer or gas aer gas� � � � � � � �� � �

 (5)

NaCl denotes chloride salts in sea salt aerosol, and HA are atmospheric acids such 
as nitric acid, sulphuric acid, and methanesulphonic acid (MSA). These reactions 
release volatile HCl(gas) to the atmosphere, leaving particles enriched in 
corresponding salts (present as dissociate ions in the aerosol) and depleted in 
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Fig. 2 Nitrate, non-sea-salt sulphate, methanesulphonate (top) and Cl−/Na+ mass concentration 
ratio (bottom) in PM10 sampled at Lampedusa during the year 2013. Dashed line represents the 
Cl− to Na+ ratio in seawater. Data show that the maximum chloride depletion (Cl−/Na+ ratio in the 
aerosol samples is lower than Cl−/Na+ in theoretical seawater) occurs in correspondence of maxi-
mum concentration of NO3

−, nssSO4
2− and MSA. (Data from Becagli et al., 2017)

chloride (Fig. 2). The chloride deficit is mainly due to HNO3, H2SO4; organic acids 
(MSA and low-molecular-weight carboxylic acids) can also contribute, even if their 
concentrations in the atmosphere are lower than inorganic acids (Falkovich 
et al., 2004).

The interaction between sea salt and weak organic acids has been discussed by 
Kerminen et al. (1998) and further investigated by Laskin et al. (2012), but studies 
in the Mediterranean region are scarce. While formation of the organic salt products 
is not thermodynamically favoured in bulk aqueous chemistry, these reactions in 
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aerosols are driven by high volatility and evaporation of the HCl product from 
drying particles. Field evidence shows that chloride components in sea salt particles 
may effectively react with organic acids releasing HCl gas to the atmosphere, 
leaving particles depleted in chloride and enriched in the corresponding organic 
salts on the surface. This process becomes more evident as transport times become 
longer (Laskin et al., 2012).

Sellegri et al. (2001) found significant chloride depletion reaching 50% also for 
continental samples in the northwestern Mediterranean. In these samples, chloride 
depletion is associated with supermicron nitrate and NaNO3 formation. Conversely, 
samples collected from air masses originating from the North Atlantic Ocean 
between Britain and Iceland before passing over Spain or southwestern France were 
rain-scavenged over continents and showed high relative mass of NO3- in the Aitken 
mode. In this case, chloride depletion is limited, supermicron NO3- is very low, and 
chloride and nitrate are independent from each other. In some cases, the observed 
chloride deficit may reach up to 90%. A high Cl− deficit is usually observed during 
summer, which may result from HNO3 adsorption on sea salt particles, explaining 
also the high values of NO3

− in the coarse mode (Bardouki et al., 2003; Koçak et al., 
2004). A significant interaction between HNO3 and coarse particles has also been 
observed by Putaud et al. (2004b) via the displacement of NO3− towards the aerosol 
supermicrometer fraction in the presence of dust. As noted by Keene et al. (1990), 
such a deficit cannot be explained by acid displacement alone. Additional 
atmospheric chemistry processes contribute to the chloride depletion; these 
processes can be partially attributed to heterogeneous and interfacial chemistry with 
a variety of atmospheric trace species, including OH, HO2, O3, NO2, N2O5 and 
ClONO2 (Finlayson-Pitts, 2003; Rossi, 2003).

Reactions between sea salt aerosols and oxides of nitrogen generate inorganic 
halogen compounds that easily release atomic halogens upon photolysis (Finlayson- 
Pitts, 2003; Rossi, 2003).

3.3  Aerosol Neutralization by NH3

The most important sources of ammonia (NH3) are agricultural excreta, by abiotic 
and biotic decomposition of urea, from domestic and wild animals, and synthetic 
fertilizers (Bouwman et al., 1997; Paulot et al., 2014). In the troposphere, NH3 is the 
main neutralizing agent for sulphuric acid (H2SO4) and nitric acid (HNO3) 
(Hauglustaine et al., 2014).

Firstly, NH3 will react instantaneously and irreversibly with H2SO4 to produce 
ammonium bisulphate (NH4)HSO4; the less abundant of the two species is the limi-
tation for the subsequent formation of (NH4)2SO4 or for the excess of H2SO4, respec-
tively (Fig. 3). This reaction takes priority over ammonium nitrate formation due to 
a higher rate constant of the pseudo-first-order reaction between NH3 and H2SO4 
(kS-1) than those (kN) between NH3 and HNO3 (Baek et  al., 2004 and references 
therein). Secondly, if all NH3 is consumed by the previous reactions with H2SO4, no 
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Fig. 3 Scatter plot of nssSO4
2− and NH4

+ in PM10 samples collected at Lampedusa for the year 
2013. The dashed line represents the (NH4)2SO4 molar ratio; the area below this line represents the 
excess of NH4

+ (that could be eventually counterbalanced by other anions (NO3
−, Cl−, 

methanesulphonate). The continuous line represents the (NH4)HSO4 molar ratio; the area above 
this line represents the excess of H2SO4. Experimental data are mainly between the two lines 
demonstrating the simultaneous presence of (NH4)HSO4 and (NH4)2HSO4 in the investigated PM10 
samples. (Reprinted from Becagli et al., 2017)

ammonium nitrate is formed. If there is still some NH3, it will neutralize the HNO3 
to create NH4NO3 (Hauglustaine et al., 2014).

In the whole Mediterranean region, a significant correlation between NH4
+ and 

SO4
2− is found, especially in the fine aerosol fraction (Karageorgos & Rapsomanikis, 

2007) with molar ratios in the range 1.22–1.35 (Sellegri et al., 2001; Bardouki et al., 
2003; Karageorgos & Rapsomanikis, 2007; Theodosi et al., 2011). This suggests the 
presence of a mixture of (NH4)HSO4 and (NH4)2SO4. It is indicative of an ammo-
nium-poor atmosphere. In accordance, the correlation between NH4

+ and NO3
− is 

poor as expected. The formation of NH4NO3 is usually not expected to occur to a 
significant extent in an ammonium-poor atmosphere in summer. Actually, the rate 
constant kS-1 was found to increase as ambient temperature and solar radiation 
increases and decreases with increasing relative humidity (Baek et al., 2004).

Conversely, ammonium is significantly correlated to nitrate in winter in a highly 
polluted environment in the Mediterranean (greater Athens area: Karageorgos & 
Rapsomanikis, 2007; Theodosi et  al., 2011; Remoundaki et  al., 2013; 
Paraskevopoulou et al., 2015; Po valley: Squizzato et al., 2013). The formation of 
ammonium nitrate was observed during the cold period under conditions of low 
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temperature, high relative humidity and the greater availability of HNO3 from higher 
emissions of NOx (peculiar for cold periods). Therefore, nitrate formation may 
occur at a local scale, enhanced by high availability of NO2 and conditions of low 
temperature and high relative humidity, whereas sulphate is mainly transported on a 
regional scale (Squizzato et al., 2013).

With the reduction in SO2 emissions, less atmospheric NH3 is required to neutral-
ize the strong acid H2SO4. Excess of NH3 will form NH4NO3 aerosols so that its 
importance will likely increase over this century (Bauer et  al., 2007a, b, 2016; 
Hauglustaine et al., 2014; Li et al., 2014).

3.4  Carbonaceous Aerosol

As reported above, carbonaceous aerosol is composed of organic compounds and 
elemental carbon (EC), the former being generally highly reactive species in the 
atmosphere. Although the EC presents a lower chemical reactivity than organic 
compounds, it presents a great adsorbing surface in terms of the optical absorption 
cross section in the near UV and in the visible range (e.g., Bond et al., 2013). Their 
great surface area allows the accumulation of other substances onto the surface of 
the EC particles, owing to the presence of high concentrations of species on the 
surface. Some reactions may occur more easily at the gas-solid interface than in the 
gas phase (Brooks et al., 2014). Indeed, the presence of ammonium sulphate was 
found on EC particles by Arndt et al. (2017) in a recent ChArMEx study combining 
mass spectrometry with other high-resolution chemical and physical measurements 
from the western Mediterranean. In the same study, eight classes of EC-rich particles 
could be distinguished (EC-SOx; EC-oxalate; EC-K; EC-K-SOx; EC-K-oxalate; 
K-EC-NOx; K-EC-SOx; K-EC-Oxalate), accounting for 53% of the total number of 
detected particles that is significantly representative of the total particles number 
(details may be found in Arndt et al., 2017). The importance of EC internal mixing 
is highlighted in a comprehensive data set over Europe by Zanatta et  al. (2016), 
which provides evidence that internal mixing of BC with other aerosol components 
enhances the light absorption by BC owing to a lensing effect by less than a 
factor of two.

Similar to other aerosol types, the reactions involving organic aerosol enable 
some changes in the particles physical and chemical properties (Brooks et  al., 
2014; Ellison et al., 1999; Rudich, 2003; Pöschl, 2005; Rudich et al., 2007; George 
& Abbatt, 2010; Brooks et al., 2014). Laboratory and field studies have shown that 
biomass-burning aerosol is highly hygroscopic and water soluble, exhibiting up to 
approximately half the water uptake capacity of ammonium sulphate (Asa-Awuku 
et al., 2008; Cerully et al., 2015). Studies able to identify functional groups in the 
molecules have shown that fresh wood burning particles are composed of polyols 
and aromatic compounds, while aged samples are clearly depleted in alcohols and 
enriched in aliphatic acids with a smaller contribution of aromatic compounds 
(Paglione et al., 2014).
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Heterogeneous OH oxidation of organic aerosol can initiate reactions that result 
in the production of oxidized polar functional groups. These can reduce the droplet 
surface tension (George et al., 2009) and increase the particle water solubility (Suda 
et  al., 2014), thus enabling greater water uptake and higher cloud condensation 
nuclei (CCN) activity (Decesari et  al., 2002; Petters et  al., 2006; George et  al., 
2009). The hygroscopicity of ambient biogenic SOA processed by the OH 
radical was shown to increase at higher OH exposures with increasing oxygen-to- 
carbon (O:C) ratio (Wong et al., 2011).

Due to the high oxidation capacity of the Mediterranean atmosphere, such oxida-
tion processes are particularly efficient in this area. Bougiatioti et al. (2016) report 
that over the Mediterranean region, the transformation of freshly emitted BBOA 
into more OOA-BB can result in a twofold increase in the organic hygroscopicity; 
approximately 10% of the total aerosol hygroscopicity is related to two biomass-
burning components, which in turn contribute almost 35% to the fine- particle 
organic water (i.e., water associated to organic components) of the aerosol.

It is interesting to note that oxidative processes on biogenic aerosol, in addition 
to increasing its capability of forming CCN, are also able to change its optical 
properties. Laboratory studies find that as aerosol becomes more oxidized, the less 
optical absorbing it becomes, presumably due to oxidative degradation of the 
chromophores. The kinetics of this process depend on the type of oxidant. In 
particular, heterogeneous oxidation by OH in the presence of ozone results in a 
“bleaching” (i.e., decrease in absorptivity or optical absorption cross section) of the 
brown carbon (BrC) active over long timescales (timescale of days), suggesting a 
sustained change of BrC optical properties throughout the aerosol atmospheric 
lifetime (Laskin et al., 2015; Browne et al., 2019).

Due to its optical properties, BrC is receiving increasing attention in the 
Mediterranean region. BrC optical properties are reported by Tasoglou et al. (2020) 
for a remote site in eastern Mediterranean and by Liakakou et al. (2020) for urban 
background sites of Athens; in the latter study, also BrC sources daily and seasonal 
trends are reported.

4  Summary and Challenges for Future Research

The Mediterranean is a crossroads for air masses transporting different types of 
aerosols from natural and anthropogenic origins. Owing to the presence of a high 
number of primary and secondary sources and gaseous precursors, the high 
irradiance and the specific boundary layer dynamic is of particular relevance with 
respect to the knowledge of mixing of and reactions between the different aerosol 
components in this region. The main reactions occurring in the Mediterranean 
atmosphere are resumed and sketched in Table 1 (see also Kanakidou et al., 2022).

The aerosol reactivity is a key issue especially in a climate change environment 
because reactions enable changes in the chemical and physical features of the 
aerosol particle surfaces. In particular, chemical reactions are able, on the one hand, 
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Table 1 Reactions and processes between aerosol components and gaseous compounds present in 
the Mediterranean environment

Aerosol 
type Reaction with/process Reaction products Consequences

Saharan 
dust

Inorganic acids and precursors 
(H2SO4, NOx, HNO3) and 
organic (oxalic, acetic, formic) 
acids

Formation of CaSO4, 
CaNO3, and Ca oxalate, 
acetate, and formate

Increased solubility of 
the particle surface

O3 O3 destruction
Acidity (HNO3, H2SO4, HCl), 
organic ligands, sun light

Soluble Fe and P 
compounds

Ocean fertilization

Sea salt Inorganic acids and precursors 
(H2SO4, N2O5, HNO3)

Formation of Na2SO4, 
NaNO3 and HCl(g)

Chloride depletion

OH, HO2, O3, NO2, N2O5, 
ClONO2

Formation of Cl2 Chloride depletion

Ammonia H2SO4 Formation of (NH4)
HSO4 and (NH4)2SO4

Preferred reaction 
compared to HNO3

HNO3 Formation of (NH4)NO3 Occurs only if NH3 is in 
molar excess with 
respect to H2SO4

Organic 
aerosol

OH, O3, NO3 Formation of 
oxygenated organic 
compounds (e.g., 
aliphatic acids)

Increased solubility of 
organic aerosol

Equilibrium with gas phase Transport over long 
distances

Elemental 
carbon

Adsorption of inorganic and 
organic compounds at its 
surface

Enhanced adsorption 
properties and CCN 
ability

to alter the optical properties of the particles and, on the other hand, to change the 
aerosol solubility that in turn is related to the capability of forming cloud 
condensation or ice nuclei, and therefore aerosol particles removal from the 
atmosphere. Furthermore, the continuous geochemical variations in the atmospheric 
composition over this region will be of interest. Specifically, the reduction in 
anthropogenic emissions from vehicles, power generation and maritime transport in 
Europe is occurring in parallel with the accentuation of new climatic scenarios.
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Abstract In this chapter, we review the measured optical properties of different aero-
sol types observed in the Mediterranean region, from both ground-based and aircraft 
in situ measurements and from remote sensing. We focus our description on the most 
relevant optical parameters used in radiative forcing calculations, namely, the aerosol 
optical depth (AOD) and its spectral dependence (Angström exponent, AE), the single 
scattering albedo (SSA) and the asymmetry parameter (g). We also consider the aero-
sol backscatter to extinction ratio (BER), which is a key parameter in the inversion of 
lidar profiles for deriving the vertical distribution of the aerosol extinction.

1  Introduction

Aerosol optical properties observed over the Mediterranean region are very variable 
in both space and time (e.g., Moulin et al., 1998; Markowicz et al., 2002; Barnaba & 
Gobbi, 2004; Bryant et al., 2006; Pace et al., 2006; Papadimas et al., 2008; De Meij & 
Lelieveld, 2011; Mallet et al., 2013, 2016; Ealo et al., 2016, 2018; Pandolfi et al., 
2018). Here, the discussion is focused on the optical parameters that are mostly used 
in direct radiative forcing calculations. This includes the spectral aerosol optical depth 
(AODλ, extinction at the wavelength λ integrated over the whole atmospheric column) 
and its spectral dependence, namely, the Ångstrom exponent (AE  = −log(AODλ1/
AODλ2) / log(λ1/λ2)), the single scattering albedo (SSA: ratio of aerosol scattering to 
the total extinction, i.e., scattering + absorption) and the asymmetry parameter (g: 
cosine-weighted average of the aerosol scattering phase function). Among the differ-
ent radiative parameters, knowledge of the SSA (and its spectral variation) is essential 
for the estimation of the aerosol direct radiative effect, as it determines its sign (i.e., 
cooling vs. heating), depending on the underlying earth surface albedo, vertical distri-
bution of aerosol types and total AOD. We additionally consider the aerosol backscat-
ter-to-extinction ratio (BER: the product of the aerosol single scattering albedo by the 
probability that a photon is backscattered by the aerosol), which depends on the aero-
sol types and has to be hypothesized in under-constrained inversions of lidar profiles 
for deriving the aerosol extinction vertical profile (Klett, 1983).

2  Dataset

The aerosol optical properties presented in this section include different techniques of 
observations, based on in situ local estimates, as well as remote sensing retrievals from 
both the surface (AERONET sun photometer network in particular) and different satel-
lites. Satellite-derived aerosol optical parameters such as AOD, AE and more recently 
SSA can be retrieved, but results are much more reliable in terms of AOD than the two 
other parameters (e.g., Thieuleux et al., 2005; Antoine & Nobileau, 2006; Bréon et al., 
2011). Satellite aerosol products have been used in the literature for describing the 
AOD geographical distribution over the Mediterranean basin and its seasonal and inter-
annual variability as described in other chapters of this book (Kaskaoutis et al., 2023a, 
2023b). Here we focus on long-term regional AOD averages. A synthesis of available 
satellite-derived regional mean AOD is given in Table 1. In Table 2, we list the main 
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Table 1 Satellite remote sensing of the aerosol optical depth (AOD) over seawater pixels of the 
Mediterranean basin and averaged from mean monthly products, unless specified

Satellite/sensor (product; 
resolution) Period

Wavelength λ 
(nm)

AOD ± std. 
dev. References

METEOSAT/MVIRI (from 
ISCCP-B2, »35 km)

1984–1994 550 0.11 ± 0.04a, b Moulin et al. (1998)

CALIOP (CALIPSO L3-V2; 
1°)

2007–2015 532 0.09a, c1

0.06a,c2

Derived from 
Marinou et al. 
(2017)

SeaWiFS (Antoine & 
Nobileau, 2006; 8 km)

1998–2004 865 0.165 ± 0.004
0.205 ± 0.016d

Derived from 
Antoine and 
Nobileau (2006)

SeaWiFS (Hsu et al., 2012; 
0.5°)

2000–2007 550e 0.168 Nabat et al. (2013)

NOAA/AVHRR (Stowe 
et al., 1997; 0.5°)

2000–2007 550 0.179

TERRA/MISR (MIL3MAE 
v. F15_0031; 0.5°)

2001–2010 550 0.211

TERRA/MODIS
(MOD08_M3 Coll. 5.1; 1°)

2001–2010 550 0.206

AQUA/MODIS (MYD08_
M3 coll. 5.1; 1°)

2003–2010 550 0.197

ENVISAT/MERIS (MER_
T550M; 8 km)

2003–2010 550 0.151

PARASOL/POLDER-3 
(PR_ATM_M Coll. 2; 1/6°)

2006–2010 550e, f 0.244

MSG/SEVIRI (AER-
OC-M3; 12.5–18 km2)

2006–2010 550 0.185

MSG/SEVIRI (AER-OC-D3; 
12.5–18 km2)

June 
2005–May 
2010

0.26 ± 0.04g Lionello et al. 
(2012)

0.23 ± 0.04g This work
Feb. 
2004–Jan. 
2016

0.21 ± 0.04g

TERRA/MODIS (MOD08_
M3 Coll. 4; 1°)

March 
2000–Feb. 
2006

550 0.27 ± 0.21h Papadimas et al. 
(2009)

TERRA/MODIS (MOD08_
M3 Coll. 5; 1°)

0.22 ± 0.07h

AQUA/MODIS (MYD08_
D3 Coll. 6; 1°)

Mid-2002–
2014

550 0.20 ± 0.05 Floutsi et al. (2016)

Merged TERRA/ and AQUA/
MODIS Coll. 6.1 (Sayer 
et al., 2014; 1°)

2000–2017 550 0.20 Nabat et al. (2020)

MISR (MILMAE; 0.5°) 0.16
PARASOL/POLDER-3 
(OC2 Coll. 3; 1/6°)

2006–2012 550e,f 0.164 ± 0.115 This work
865 0.116 ± 0.103

Mar. 
2005–Oct. 
2013

0.111 ± 0.026i Formenti et al. 
(2018)

(continued)
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available observations of the AOD, AE, SSA and g estimated for various types of aero-
sols from local measurements, either in situ or columnar in the case of passive remote 
sensing. Note that an extensive list of existing ground-based and ship-based AERONET 
observations in the broad Mediterranean region is given in another chapter of volume 
1 (Dulac et al., 2023a).

3  Aerosol Optical Depth

Satellite observations over the Mediterranean Sea have been analysed for describing 
the AOD geographical distribution. The seasonal variability and trends are discussed 
in other chapters of this book (Kaskaoutis et al., 2023a, 2023b). The various satellite 
climatologies of AOD reported in Table  1 indicate an average AOD550 over the 
Mediterranean basin in the range of 0.16–0.24. Among the lowest reported values, 
those from SeaWiFS and MERIS products were found much less reliable than prod-
ucts from other satellite sensors when compared to AERONET (Nabat et al., 2013). 
Sulphate-like and desert dust aerosols are the dominant species over the Mediterranean 
basin with yearly average AOD values of the order of 0.08, with an East-West and a 
South-North decreasing gradient, respectively (Nabat et  al., 2013). Antoine and 
Nobileau (2006) have indicated that the 1998–2004 climatological average AOD (at 
865 nm) derived from SeaWiFS over the Mediterranean is 0.165 and increases to 
0.208 in the presence of mineral dust aerosols. The overall basin average AE varies 
in the range 0.6–0.9 but decreases to 0.40–0.45 in case of dust plumes, which are 
detected with an average time and space occurrence of ∼11% with a maximum of 

Table 1 (continued)

aMineral dust estimated contribution only
bNabat et al. (2013) highlight possible drifts and discontinuities in the calibration of the five suc-
cessive MVIRI sensors used
c1, c2Respectively, central and East Med. (10°E–30°E, 30°N–45°N) and central and West Med. 
(10°W–10°E, 35°N–45°N), including land areas
dOnly where and when mineral dust is detected
eRecomputed based on AE and AOD at another λ
fThe difference between Nabat et al. (2013) and our new estimation can be partly explained by the 
fact that POLDER AOD over ocean from collection 2 is larger than from collection 3, especially at 
the beginning of the observation period (Didier Tanré, personal communication); in addition, since 
the Angström relationship is not linear, the method used by Nabat et  al. (2013) to compute 
POLDER average AOD550 based on monthly averages of AOD865 and AE can yield some bias com-
pared to our estimation based on averaging AOD550 recomputed daily
gMean of all available daily data; note that this type of averaging gives more weight to the more 
numerous days with clear sky and more turbid conditions available during the Mediterranean sum-
mer periods than the monthly mean averaging shown in the preceding line; here the standard 
deviation does not account for variability of the 12 basin scale annual averages but for the daily 
variability over the whole period at the pixel level
hBroad Mediterranean region including Black Sea, Atlantic and some land areas within the domain 
29.5°N–46.5°N and 10.5°W–38.5°E
iWestern basin only

M. Mallet et al.
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16% in the central basin between June and November (Antoine & Nobileau, 2006). 
Estimates of the basin average, yearly mean contribution from desert dust range 
between 0.07 (Marinou et al., 2017) and 0.11 ± 0.04 (Moulin et al., 1998) (top of 
Table 1). By combining sun photometer and Polder-1 satellite data, Léon et al. (1999) 
report that 42% of the days with observed AOD865 > 0.18 between April 1996 and 
June 1997 in the suburban area of Thessaloniki, Greece, were associated with desert 
dust transport events, particularly observed in the period March–July.

Indeed, many dust events over the Mediterranean region have been documented in 
the literature based on local optical measurements (Table 2). Three different cases of 
Saharan dust transport that occurred on 18 May 1999 and 14 and 16 July 2002 on the 
island of Lampedusa, in the central Mediterranean, were studied by Meloni et  al. 
(2003), Meloni et al. (2004), respectively. Their results indicate moderate values of 
AOD (at 415.6 nm) for the 14 and 16 July 2002 event (0.23–0.26) and a significantly 
larger one (0.51) for the event of 18 May 1999 (Table 2). Pace et al. (2006) report 
observed values of AOD and AE for the period July 2001–September 2003 at 
Lampedusa, with values of 0.37 and 0.81, respectively. Meloni et al. (2008) report AOD 
(at 500 nm) measurements at Lampedusa for the 1999 to 2006 period, indicating daily 
values comprised between 0.29 and 1.18. The highest AOD values were measured in 
March 2004 (a peak daily value of 1.35 on 28 March 2004, with a 3-day average of 
1.18). In almost all cases, African aerosols display high AOD values (average value of 
0.37 at 496 nm over the whole observing period; Table 2). At a different site (coastal 
French Mediterranean region), Saha et al. (2008) have also documented a dust event 
observed on 19 June 2006, characterized by a high AOD (0.75 at 550 nm). Finally, 
Kubilay et al. (2003) documented three dust intrusion events at Erdemli (Turkish coast 
of the northeastern Mediterranean), occurring in spring (originating from central 
Sahara), in summer (from eastern Sahara) and in autumn (from the Middle East/
Arabian Peninsula). In each case, the presence of dust particles significantly increased 
AOD, up to 1.8 (Table 2). Over the eastern basin, Papayannis et al. (2005) have also 
reported dust AOD of about 0.6 (at 355 nm) during a dust event in August 2000. Dust 
AOD values have also been reported in the Mediterranean based on satellite (MODIS, 
OMI) algorithms (Gkikas et al., 2013, 2016a). During strong dust episodes, AOD val-
ues can be as high as about 0.8 over the Algerian coast and 1 over the Gulf of Sidra 
(Gkikas et al., 2016a). The respective values for extreme dust episodes are 1.5 and 2.5.

In the framework of the ChArMEx/ADRIMED project, Mallet et  al. (2016) 
reported dust AOD around 0.3–0.4 over the western Mediterranean during the sum-
mer of 2013, based on different techniques of observations. At the regional scale 
and during the same period, Menut et al. (2015) confirmed important transport of 
mineral dust in June–July 2013 over the central Mediterranean with local maxima 
around 1 and a mean value of 0.3–0.4 (at 550 nm), using the regional chemical 
transport model (CTM) CHIMERE model. Nabat et al. (2012) have simulated dust 
AOD between 0.15 and 0.3 (at 550  nm) over the Mediterranean Sea using the 
RegCM regional climate model over the 2000–2009 decade. Based on the 
POLDER-3/PARASOL satellite data set (2005–2013) over the western 
Mediterranean Sea, Formenti et al. (2018) consistently report high values of AOD865, 
ranging between 0.10 and 0.20 on average, over areas with the lowest AE, as 
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illustrated by Fig. 1. This figure also shows an important contribution of about 0.078 
from the coarse particle mode to the total AOD865, of 0.111 on a regional average.

In addition to mineral dust particles, various studies have documented AOD for 
urban/industrial (UI) Mediterranean aerosols (Table 2). According to early actino-
metric measurements performed at Jerusalem, the AOD followed an increasing 

Fig. 1 Regional maps of aerosol optical properties over marine areas as retrieved from POLDER-3 
averaged over the period March 2005–October 2013: (a) AOD865, (b) AE, (c) fine and (d) coarse 
aerosol mode AOD865 (AODF and AODC, respectively, with AODF + AODC = AOD865), and (e) 
spherical and (f) non-spherical coarse mode AOD (AODCS and AODCNS, respectively, with 
AODCS + AODCNS = AODC). The mean and standard deviation over the whole marine area of the 
window are reported for each parameter. (Reprinted from Fig. 11 in Formenti et al., 2018)
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trend of +10% per decade between the 1930s and 1960s, also seen in a few conti-
nental stations of the northern hemisphere, and attributed to non-local factors 
(Joseph & Manes, 1971). The different surface observations performed under pol-
luted conditions have reported AOD values ranging between 0.1 and 0.5, i.e., clearly 
lower than those for dust regimes. Over southeastern France, AOD values have been 
documented, more specifically, during summer periods (Mallet et  al., 2005a, b; 
Roger et al., 2006; Saha et al., 2008). These studies show AOD of about 0.30 at vis-
ible wavelengths (400–500 nm). Over Spain and Greece, similar AOD ranges are 
reported. Horvath et al. (2002) indicated a mean value of 0.40 (at 520 nm) in Almeria 
(South Spain) under polluted conditions. Gerasopoulos et  al. (2003) reported an 
averaged AOD value of 0.23 (at 500 nm) in the city of Thessaloniki and at Mount 
Athos Observatory (MAO), Ouranoupolis, over a time span of 3 years, lower than 
values of 0.3–0.5 (at 500 nm) observed during summer (Table 2). Similar observa-
tions were reported by Formenti et al. (2001b), who indicated an average value of 
AOD between June and September 1998 of 0.28 at MAO, which peaks up to 0.50. 
In parallel, measurements performed in Thessaloniki by Chazette and Liousse 
(2001) on 12 and 13 June 1997 indicate a mean value of 0.17 and 0.34 (at 550 nm), 
respectively. Such values are consistent with spaceborne and ground-based remote 
sensing observation of pollution aerosols performed between April 1996 and June 
1997 in Thessaloniki by Léon et al. (1999). These authors reported a mean AOD of 
0.12 ± 0.04 at 865 nm (implying a value of 0.33 at 440 nm, estimated by using 
AE = 1.5, as measured by Chazette & Liousse, 2001). Over Crete Island, Fotiadi 
et  al. (2006) reported an AERONET-based AOD500 value of 0.21  ±  0.11 for the 
2-year period 2003–2004. Finally, over southeastern Italy (Lecce, 40.33°N, 
18.10°E), Tafuro et al. (2007) reported monthly mean values of AOD larger than 
0.15 during summer (averaged over the 2003–2004 period), when pollution domi-
nates the AOD. Using satellite TOMS and MODIS observations, Hatzianastassiou 
et al. (2009) also indicated high AOD values (up to 0.8) over large urban areas sur-
rounding megacities. At the regional scale and based on climatological ALADIN-
Climate regional simulations (1979–2016 period), Drugé et al. (2019) have recently 
indicated that anthropogenic nitrates could also contribute to the total AOD over the 
Euro-Mediterranean region, with values between 0.05 and 0.1 (at 550 nm) associ-
ated with local maxima over the Po valley. Finally, Gkikas et al. (2016b) reported 
high frequencies and intensity (AOD of about 0.5) of biomass-burning/urban-indus-
trial aerosols over the northern coasts of the Mediterranean Sea.

Formenti et al. (2001a) reported observations of AOD performed in the frame of 
the Aerosol, Radiation and Chemistry Experiment (ARACHNE-96) at Sde Boker, in 
the Negev Desert of Israel, for polluted air masses transported from Southern Europe, 
mainly from the Balkan region and Greece. In that case, AOD values are certainly 
more representative of “aged polluted” aerosols and are characterized by lower val-
ues (mean of 0.19 at 500  nm). “Aged” anthropogenic aerosols over the eastern 
Mediterranean have also been documented during the Mediterranean Intensive 
Oxidant Study (MINOS), which took place in summer 2001 in the Greek island of 
Crete (Lelieveld et al., 2002). During this experimental campaign, the mean AOD 
value (0.21 at 500 nm) was close to the one observed during ARACHNE-96.
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Up to now, only few studies have been dedicated to biomass burning aerosol 
(BBA) over the Mediterranean region, which are mainly observed in July and 
August (driest months of the year), when the development of forest fires is favoured 
(Meloni et al., 2006). The STAAARTE-MED experiment (August 1998 in the east-
ern Mediterranean) results, relevant for BBA emitted from Canadian fires (Formenti 
et al., 2002), have documented a mean AOD of 0.39 (at 550 nm). Furthermore, AOD 
values in the range between 0.3 and 0.8 (Pace et al., 2005, 2006; Meloni et al., 2006) 
have also been observed at Lampedusa island from 5 to 22 August 2003, originating 
from intense fires that took place in Southern Europe and being transported over the 
Mediterranean basin during a regional heat wave. At the present time, data available 
for BBA suggest “intermediate” AOD values compared to those observed for min-
eral and urban/industrial particles (Table  2). For a specific event occurring in 
Barcelona, Sicard et al. (2012) observed AOD due to smoke aerosols around 0.4–0.5 
during July 2009. A BBA episode from North America was also observed over the 
western Mediterranean in late June 2013 (Ancellet et al., 2016)

Concerning primary sea spray aerosols, Fotiadi et  al. (2006) reported a back-
ground AOD value of 0.15 in Crete island, corresponding to marine aerosols, and 
Mishra et  al. (2014) found a mean AOD over the eastern Mediterranean (June–
August 2010) of 0.06  ±  0.01. More recently, Claeys et  al. (2017) have reported 
marine AOD500 (22–26 June 2013) of about 0.11  ±  0.08, based on AERONET 
retrievals. From sun photometer measurements in spring and summer 1997  in 
coastal Sardinia and Crete, Paronis et  al. (1998) reported a marine background 
AOD870 of 0.077.

Finally, assessing the different contributions based on MODIS Terra and Aqua 
observations, Georgoulias et al. (2016) report that anthropogenic aerosols, dust and 
fine mode natural aerosols account for ∼51%, ∼34% and ∼15% of the total AOD550 
over land, respectively, while over the sea, anthropogenic aerosols, dust and marine 
aerosols account for ∼40%, ∼34% and ∼26%, respectively.

4  Aerosol Single-Scattering Albedo

Mineral dust particles observed over the Mediterranean region show significant 
variations in SSA (Table 2) with columnar values ranging from as high as 0.96–0.99 
at various wavelengths between 400 and 800 nm, down to quite low values, e.g., of 
0.74, 0.77 or 0.81 at 416 nm at Lampedusa, suggesting considerably high absorp-
tion by dust (Pace et al., 2006; Meloni et al., 2003, 2006, 2007; Di Biagio et al., 
2009; Ealo et al., 2018). More recently, Denjean et al. (2016) have reported in situ 
aircraft measurements of dust SSA during several dust plumes advected over the 
Mediterranean basin. These authors indicate moderate absorption of light by the 
dust plumes, with SSA values (at 530 nm) ranging from 0.90 to 1.00 (Fig. 2). At the 
high-altitude Alpine Jungfraujoch station, SSA values are generally >0.9 in case of 
African dust plumes, but occasional values as low as 0.75–0.80 were reported by 
Collaud Coen et al. (2004). Their measurements show a clearly different spectral 
dependence of SSA in the case of dust events, characterized by increasing SSA with 
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Fig. 2 Scatter plots showing aerosol optical properties at λ = 530 nm as a function of the altitude, 
from all airborne straight level runs and vertical profiles within the dust layers measured during the 
ADRIMED campaign: (a) the real part of the complex refractive index nr, (b) the imaginary part 
of the complex refractive index ni, (c) the single scattering albedo SSA, (d) the asymmetry param-
eter g, and (e) the mass extinction efficiency of aerosols kext. The markers are coloured according 
to the scattering Angström exponent (AE450–770) calculated between 450 and 770 nm. (Reproduced 
from Fig. 8 in Denjean et al., 2016)

λ. Intermediate dust SSA (0.85–0.92, see Table 2) have also been reported over the 
Mediterranean basin (Kubilay et al., 2003; Meloni et al., 2004; Saha et al., 2008). 
These estimates clearly indicate that significantly different SSA values are observed 
depending on the dust particle origins, transport pathways and/or possible mixing of 
mineral aerosols with other species. For example, Kubilay et al. (2003) underline 
the importance of such mixing of mineral aerosols, showing SSA values clearly 
lower (0.85–0.90) at 440 nm in case of mixed dusts and urban industrial or biomass 
burning particles, as compared to pure mineral dust (0.96–0.97). Similarly, the 
effect on SSA of dust mixing with pollution (Fig. 2) is identified in the variable SSA 
values reported by Denjean et al. (2016).

When columnar remote sensing observations are considered, as it is the case of 
many studies in Table 2, it should be kept in mind that these may integrate the con-
tribution of different aerosols types present within the tropospheric column and 
therefore they may not be representative of a single species or even a single plume. 
This issue is clearly illustrated by Di Biagio et al. (2009) who reported 3 years of 
columnar measurements of dust SSA at 416 and 868 nm at Lampedusa Island. These 
authors show that the dust SSA exhibits a large variability, with values between 0.7 
and 0.8 at λ = 416 nm and between 0.8 and 0.9 at 868 nm. The same authors per-
formed a back-trajectory analysis to explain the observed variability and found that 
the majority of cases with SSA < 0.75 at 416 nm and SSA < 0.85 at 868 nm corre-
sponded to air masses below 1 km, being dominated by polluted particles from con-
tinental Europe, while dust was dominant above. Instead, cases with SSA between 
0.8 and 0.9 at 416  nm corresponded to air masses with a strong contribution by 
marine particles below 1 km, together with dust plumes in higher altitude levels.
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Apart from SSA associated with mineral dust regimes, SSA observed in the case 
of urban/industrial regimes have also been well documented over the Mediterranean 
Sea and at coastal sites (see Table 2). In most cases, moderate or low SSA (0.78–0.94) 
are observed due to emissions containing black carbon aerosols. Over southeastern 
France, optical computations performed by Mallet et  al. (2004) and Saha et  al. 
(2008) indicate SSA values of 0.83 and 0.85 (at 550 nm) near the cities of Marseille 
and Toulon, respectively. Aircraft observations performed over the Marseille-Etang 
de Berre area during the ESCOMPTE campaign showed values ranging between 
0.88 and 0.93 (at 550 nm) in the Planetary Boundary Layer (Mallet et al., 2005a). 
These SSA values are close to those observed in South Spain (0.86–0.90) by Horvath 
et al. (2002), though those observed over Greece look slightly lower: 0.78–0.80 at 
MAO (Formenti et al., 2002) and 0.82 at Thessaloniki (Chazette & Liousse, 2001). 
Over southeastern Italy, Tafuro et al. (2007) have recently reported a value of 0.94 
during summer time corresponding to anthropogenic particles. A very low mean 
SSA value of 0.71 ± 0.07 (at 550 nm) was reported by Titos et al. (2012) at Granada, 
suggesting a large fraction of absorbing material. Finally, anthropogenic polluted 
particles transported over the Mediterranean basin were also associated with rela-
tively low SSA values, as reported by Markowicz et al. (2002) over Crete Island 
(0.87) and by Di Iorio et  al. (2003) (0.79–0.83) over Lampedusa Island for two 
cases (25 and 27 May 1999) of “aged” anthropogenic aerosols originating from 
Europe. Di Biagio et al. (2009) reported average SSA values of 0.80 (at 416 nm) and 
0.89 (868 nm) from 3 years of observations of polluted plumes over Lampedusa. 
Based on AERONET climatological retrievals (17-year period 1996–2012), Mallet 
et al. (2013) showed that the Mediterranean urban-industrial aerosols appear “mod-
erately” absorbing, with values of SSA close to about 0.94–0.95 ± 0.04 (at 440 nm). 
Finally, in situ airborne observations from Di Biagio et  al. (2016) during the 
ChArMEx/TRAQA campaign in summer 2012 show a large variability of polluted 
aerosol SSA over the northwestern Mediterranean, with values in the range 
0.84–0.98 (370 nm).

As opposed to dust and polluted aerosols, few studies reported SSA for BBA 
over the Mediterranean Sea. One such estimation has been obtained during 
STAAARTE-MED by Formenti et al. (2002) who reported a mean dry SSA of 0.89 
(at 500 nm) obtained from aircraft in situ observations over the Aegean Sea (Greece). 
Meloni et al. (2006) reported quite different estimations at Lampedusa Island, with 
column-averaged values of 0.82 ± 0.04 (at 415 nm) and 0.80 ± 0.05 (at 868 nm), for 
BBA over the Mediterranean region. These SSA estimates are representative of two 
different periods corresponding to intense active fires in the Balkans, southern Italy 
and Sicily for the 31 July–4 August 2001 period, and in southern Europe in August 
2003 (Pace et al., 2006). The observed differences between the SSA values reported 
by Formenti et al. (2002) and Meloni et al. (2006) could be due to the fact that the 
BBA events described by Meloni et al. (2006) are more “local” and not (or some-
what less) mixed with other secondary species, as opposed to BBA particles docu-
mented by Formenti et al. (2002), which were emitted from very distant Canadian 
Arctic fires (and underwent mixing during their very long transatlantic pathway). 
More recently, over Barcelona, Sicard et al. (2012) have also reported very low SSA 
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for smoke (0.86 ± 0.04 at 440 nm) particles observed in July 2009. Additionally, 
Gómez-Amo et al. (2017) have reported an average SSA value of 0.87 at 675 nm 
during a severe fire event in coastal Spain.

5  Asymmetry Parameter

As previously mentioned, the asymmetry parameter (g) represents an important 
radiative parameter for the derivation of the direct radiative effect of aerosols. 
Different estimations have been made over the Mediterranean basin aiming at char-
acterizing this optical property under diverse aerosol regimes. For mineral dust aero-
sols, Meloni et al. (2003, 2004) indicated high important values of about 0.79–0.82, 
which are typical of aerosols including an important coarse fraction. Such values are 
of similar magnitude with those published by Saha et al. (2008) or Kubilay et al. 
(2003). Due to the smaller size of aerosols produced by anthropogenic or biomass 
burning emissions, g is found to be generally lower for such aerosols. For smoke 
particles, a value of ∼0.63 (at 550 nm) has been reported by Meloni et al. (2006). 
The same order of magnitude is reported for polluted aerosols, with values between 
0.60 and 0.65 (Chazette & Liousse, 2001; Meloni et al., 2003; Roger et al., 2006). 
Finally, some estimations have been also proposed over the Mediterranean basin for 
mixed aerosols, that generally indicate intermediate values. For polluted aerosols 
mixed with mineral dust, Kubilay et al. (2003) reported an asymmetry parameter 
value ∼0.68 (at 440 nm). This variability of g for different aerosol regimes has been 
clearly demonstrated by Denjean et al. (2016) using aircraft observations (Fig. 2). 
These recent in situ data obtained over the western Mediterranean basin indicate a 
general increase of g (at 550 nm) with altitude, from ∼0.60 at 1.5 km to ∼0.75 at 
altitudes higher than 3 km. These changes are mainly due to the presence of fine 
polluted aerosols between 1 and 3 km and mineral dust above 3 km.

6  Aerosol Extinction-to-Backscatter Ratio

Active remote sensing of tropospheric aerosols by lidar systems over the 
Mediterranean region has strongly developed in the past two decades for aerosol 
vertical profiling (e.g., Hamonou et al., 1999; Balis et al., 2000, 2004, 2006; Gobbi 
et  al., 2000; Sicard et  al., 2002, 2011, 2012; De Tomasi et  al., 2003; Dulac & 
Chazette, 2003; Berthier et al., 2006; Mona et al., 2006; Papayannis et al., 2008a; 
Royer et al., 2010; Mamouri et al., 2013; Chazette et al., 2014, 2016, 2019a; Nisantzi 
et al., 2014, 2015; Flamant et al., 2015; Barragan et al., 2017; Mandija et al., 2017; 
Marinou et al., 2017; Ortiz-Amezcua et al., 2017; Ansmann et al., 2019; Benkhalifa 
et al., 2019; Fernandez et al., 2019; Chazette, 2020). Thanks to transportable sys-
tems, it is now a relatively common technique deployed during field campaigns 
either ground based (e.g., Chazette et al., 2014, 2016, 2019a, b) or airborne (Mallet 
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et al., 2016; Chazette, 2020). Southern Europe and the Mediterranean region host 
several stations of the European research lidar monitoring network EARLINET 
(Pappalardo et al., 2014), making possible lidar data assimilation in aerosol trans-
port modelling (Wang et al., 2014).

The lidar ratio (LR), i.e., the ratio of the extinction to backscatter aerosol coef-
ficients, is one of the key parameters that can be derived from lidar measurements. 
It does not have a direct physical meaning unlike its opposite, the backscatter-to-
extinction ratio (BER = LR-1), which has also been widely used by the pioneers of 
lidar remote sensing of the atmosphere in both the troposphere and stratosphere. 
The BER is the product of the aerosol single scattering albedo by the probability 
that a photon is backscattered by the aerosol. It is therefore, like LR, an insightful 
parameter, rich in information on the aerosol nature, even though it does not provide 
as precise discrimination as chemical analyses (mainly performed at the ground 
level, however). The LR (or BER) allows one differentiating between the 3 main 
classes of aerosols, typically: (i) mineral aerosols (e.g., Saharan dust over the 
Mediterranean region), (ii) pollution and biomass burning aerosols and (iii) marine 
aerosols (e.g., sea salt), as illustrated in Fig. 3. Three main aerosol types could be 
identified based on the combination of lidar-derived values of the BER and particle 
depolarization ratio (PDR) (Burton et al., 2012), e.g., at a wavelength of 355 nm: (i) 
dust-like, non-spherical aerosols, with values of BER and PDR centred on 0.022 sr−1 
and 20–30%, respectively, (ii) pollution aerosols, with BER and PDR centred on 
0.015 sr−1 and 2–5%, respectively, and (iii) marine aerosols with mean values of 
BER and PDR centred on 0.04 sr−1 and 0%, respectively (Chazette et al., 2016). The 

Fig. 3 Temporal evolution of the BER (left axis) or LR (right axis) from 10 June to 1 July 2013 at 
Cap d’en Font, Minorca Isl., Spain, during the ChArMEx/ADRIMED summer field campaign 
described by Mallet et al. (2016) (see also Figs. A11 and A12 in the book appendix; Dulac et al., 
2023b). The black line shows lidar-derived values with their root mean square error given by the 
grey area (variability over 20 min). Red dots show sun-photometer-derived values with bars show-
ing their standard deviation (variability over a half day). The reported aerosol categories were 
identified based on the lidar-derived BER and PDR. After Fig. 4a in Chazette et al. (2016)
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figure highlights the high variability of LR values associated with a given aerosol 
type. This variability can partly be related to mixtures of aerosols of different 
natures. Furthermore, LR values may overlap significantly between different aero-
sol types, as discussed hereafter.

More aerosol types may have to be considered in operational aerosol classification 
from lidar data. This is the case for Earth observation missions using lidar onboard 
sun-synchronous satellites such as (i) the Cloud-Aerosol LIdar with Orthogonal 
Polarization (CALIOP; Winker et al., 2007) flying onboard the Cloud-Aerosol Lidar 
Pathfinder Satellite Observation (CALIPSO) since 2006 (https://www-calipso.larc.
nasa.gov/products/) and (ii) for a shorter period of time, the Cloud-Aerosol Transport 
System (CATS; Yorks et al., 2016) orbited between 375 and 435 km onboard the non-
sun-synchronous International Space Station between January 2015 and October 
2017. The choice of LR values to invert the lidar data of these spaceborne instruments 
in order to retrieve the vertical profiles of the aerosol extinction coefficient is dictated 
by the spectral dependence, backscatter level and particle depolarization ratio, as 
explained in Omar et al. (2009), Burton et al. (2012) and Kim et al. (2018). Multiple 
scattering, especially in more turbid layers often associated with desert dust, also tends 
to increase the LR value, and this should be considered in unconstrained inversion of 
space lidar observations, as shown by Berthier et  al. (2006) and Wandinger et  al. 
(2010). Table 3 from Chazette et al. (2019b) gives the LR values of main aerosol types 
considered by operational inversion algorithms associated to both CALIPSO/CALIOP 
and CATS spaceborne missions. The table shows several aerosol types which overlap 
if one considers the uncertainty in the LR, which is of the order of 5–10 sr. Note that 
the LR values derived from ground-based lidar measurements are obtained with simi-
lar uncertainties, which often incorporate the natural variability of the aerosol layers. 
Care must be taken in order to avoid confusion between the uncertainties associated 
with the initial assumptions needed for the inversion algorithms and with the temporal 
variability of the atmosphere sampled by the lidar. It is mainly the statistical detection 
noise that influences the uncertainties. Nevertheless, there may be significant biases 
related to optical misalignments, and these biases must be considered along with the 
statistical noise. Values from Table 3 are commonly used as references to retrieve the 
vertical profiles of aerosol optical properties over the Mediterranean area from lidar 
systems. However, actual aerosols may present different LR values as shown in 
Chazette (2020), and this can lead to significant biases in the retrieved optical 

Table 3 Lidar ratio (LR) values corresponding to the CATS- and CALIOP-derived aerosol typing 
from Table 2 in Chazette et al. (2019a)

CALIOP/CATS aerosol typing Respective lidar ratio at 532 nm (sr)

Polluted continental or smoke/Polluted continental 70/65
Clean continental/Clean background 53/55
Clean marine/Marine 23/25
Dust/Dust 44/45
Polluted dust/Dust mixture 55/35
Elevated smoke/Smoke 70/70
Dusty marine/Marine mixture 37/45
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properties of aerosols. The advent of high spectral resolution lidar systems such as 
Earthcare/ATLID should make it possible to remove this ambiguity (Groß et al., 2015).

Compared to reference values in Table 3, many intermediate LR values can be 
encountered knowing that different types of particles can be mixed within the lower 
and middle troposphere. In addition, a wide range of LR values can be encountered 
for a given type of aerosol as shown in Tables 4 and 5. This is the case of dust aero-
sol (Table 4), which can originate from different sources with varying soil charac-
teristics. The lidar-derived LRs values range from 25 (29) to more than 80 (61) sr at 
355 (resp. 532) nm in case of particularly coarse non-spherical particles.

In the same way, biomass burning aerosols, whose nature will depend on the type 
of biomass burned, the temperature of the fire and even the hygrometric level of the 
soil, show LR values between 23 (47) and 94 (87) sr at 355 (532) nm (Table 5). Less 
variability is reported for pollution aerosols (Table 5). The hydrophilic nature of 
aerosols can also affect the LR values, but to a lesser extent as shown by Raut and 
Chazette (2008).

7  Challenges for Future Research

Atmospheric aerosol, especially that present in the lower and middle troposphere, is 
one of the key components for improving our understanding of the Earth-atmosphere 
system. It directly influences the radiation balance of the Earth system, the cloud 
cover, albedo and precipitation via the so-called indirect effect, and the vertical 
stability of the atmosphere via the semi-direct effect. Yet, the aerosol influence does 
not stop there, as it also modifies actinic fluxes, thus photochemistry, and brings 
nutrients or toxins to the surface, influencing the terrestrial and marine biodiversity 
(see other chapters by  Kanakidou et  al., 2022 and Guieu and Ridame, 2022, 
respectively).

As illustrated in this chapter, great progress has been made over the last two 
decades in assessing main optical properties of the different types of aerosols, and 
their mixing, in the Mediterranean region, which is a hot spot identified by climate 
projections. Nevertheless, we still need to improve the accuracy of measurements 
and numerical methodologies in order to obtain better assessments of the various 
geophysical parameters of atmospheric aerosols, including optical properties, 
aiming at reducing uncertainties in aerosol radiative impact and climate 
projections.

In relation with the results presented above, a better assessment of the spectral 
SSA of the different aerosol types is clearly needed over the Mediterranean Sea, 
especially for biomass burning particles, but also for mixed aerosols in this region 
that hosts complex mixtures (presence of primary dust, black and organic carbon, 
secondary aerosols as sulphate, nitrate and secondary organic aerosol particles). 
One specific question to be addressed is the effect of the mixing state (external and/
or internal) of absorbing aerosols (urban/industrial black carbon, biomass burning 
and even mineral dust) on the particle optical properties, especially SSA. It is also 
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Table 4 Lidar ratio (LR) reported in the literature for pure and mixed mineral dust aerosol types 
in the Mediterranean region, at various wavelengths in the ultraviolet (UV, at 351 or 355 nm), 
visible (VIS, at 500, 532 or 550 nm) and near-infrared (NIR, at 1064 nm)

Aerosol 
type Site, campaign

Instrument, 
inversion method

λ (nm) UV 
VIS NIR LR (sr) References

Pure dust AERONET network Sun photometers 550 42 ± 4 Cattrall et al. 
(2005)

Lampedusa Isl. Sun photometer 532 40 Di Iorio et al. 
(2003)

Rome, Italy MFRSR 
radiometer

500 53 Ciardini et al. 
(2012)

Lecce, S Italy, 
EARLINET

N2 Raman lidar 351 45–60 De Tomasi 
et al. (2003)

French Riviera, 
ChArMEx

355 32 ± 5 Chazette et al. 
(2019a)

Thessaloniki, Greece, 
EARLINET

84 ± 20 Balis et al. 
(2004)

57 ± 29a Amiridis et al. 
(2005)

44 ± 2 Papayannis 
et al. (2005)Athens, Greece, 

EARLINET
58 ± 1

Potenza, Italy, 
EARLINET

38 ± 2 Mona et al. 
(2006)

Barcelona, NE Spain, 
EARLINET

532 51 Sicard et al. 
(2012)1064 47

Limassol, Cyprus, 
EARLINET

532 34–39b Mamouri et al. 
(2013)

Minorca Isl., Spain, 
ChArMEx

355 45 ± 6 Chazette et al. 
(2016)

Central Mediterranean 
Sea, MEDUSE

Calculation using 
Meteosat/MVIRI

532 29 ± 10 Hamonou et al. 
(1999)

8 EARLINET stations N2 Raman lidar 355 30–80 Papayannis 
et al. (2008a)

Barcelona, NE Spain, 
EARLINET

532 46–52 Sicard et al. 
(2011)

Limassol, Cyprus, 
EARLINET

53 ± 6c Nisantzi et al. 
(2015)41 ± 4d

Iberian Peninsula, 
EARLINET

38–61 Fernandez 
et al. (2019)355 40–55

San Pedro Alcantara and 
Gibraltar Strait

N2 Raman lidar 
and airborne lidar

34 Chazette 
(2020)Polluted 

dust
45 ± 8

Dust and 
marine

Minorca Isl., Spain, 
ChArMEx

N2 Raman lidar 25 ± 6 Chazette et al. 
(2016)

Dusty 
mix

Balearic Islands, 
HyMeX

47–63 Chazette et al. 
(2014)

Central Mediterranean 
Sea, STAAARTE

Airborne lidar 
and Meteosat

532 59 ± 17 Dulac and 
Chazette 
(2003)

aWest Sahara dust,
 bSyrian dust,
 cSahara dust,
 dMiddle-East dust
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Table 5 Same as Table 4 but for biomass burning and pollution aerosols

Aerosol 
type Site, campaign

Instrument, 
inversion method λ (nm) LR (sr) References

Biomass 
burning

AERONET network Sun photometers 550 60 ± 8 Cattrall et al. 
(2005)

Western Med., 
ChArMEx

CALIOP 532 60 ± 20 Ancellet et al. 
(2016)

Thessaloniki, 
Greece

N2 Raman lidar 355 39–94a Amiridis et al. 
(2009)

Athens, Greece, 
EARLINET

60–80 Papayannis et al. 
(2008b)532 55–90

Barcelona, NE 
Spain, EARLINET

36 Sicard et al. 
(2012)1064 20

Granada, S Spain, 
EARLINET

532 47–58 Ortiz-Amezcua 
et al. (2017)355 23–34

Évora, Portugal 
EARLINET

42 ± 7 Sicard et al. 
(2019)532 55 ± 14

Pollution AERONET network Sun photometers 550 71 ± 10 Cattrall et al. 
(2005)

Po Valley, N Italy CALIOP and 
MODIS synergy

532 83 ± 25 Royer et al. 
(2010)

Minorca Island, 
Spain, ChArMEx

N2 Raman lidar 355 67 ± 6 Chazette et al. 
(2016)

French Riviera, 
ChArMEx

42–62 Chazette et al. 
(2019a)

aFrom Russia, Ukraine

very important to find, when possible, analytical relationships linking the SSA 
variability to the chemical composition and/or mixing state of the particles, in 
order to develop adapted parameterizations that can be implemented in regional 
models used over the Mediterranean basin. This will improve the accuracy of avail-
able aerosol optical properties and the direct and semi-direct radiative effect esti-
mates of absorbing aerosols over the basin. Moreover, the SSA is estimated by 
various indirect methods with higher or lower accuracy, and it is necessary to 
achieve a consistency among their results. In particular, further in situ observations, 
both at the surface and airborne, are required to overcome the limitations of colum-
nar data. In fact, even if columnar observations provide a good description of the 
whole aerosol population in the atmosphere, they are not sufficient for a detailed 
and accurate description of the SSA and its variability over such a complex envi-
ronment as the Mediterranean, which is characterized by the coexistence of differ-
ent aerosol types. This should be linked as much as possible with recent satellite 
observations, which provide now information on absorbing properties of aerosols 
(Lacagnina et al., 2015).

In this chapter, we have presented, in the most exhaustive possible way, the sci-
entific work carried out over the last 20 years on aerosol optical properties over the 
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Mediterranean region. This work has often required heavy means of investigation 
and has improved our understanding of the processes involving natural and anthro-
pogenic atmospheric aerosols. Spaceborne, airborne and in situ observations have 
been coupled in order to assess the properties of aerosols, not only on the surface 
but also in the atmospheric column. They involved sampling of the chemical com-
position, particle size distribution and optical properties of particle mixtures. The 
coherence of all these data sets still needs to be better specified using closure 
approaches combining inverse methods and numerical modelling. Initial tests have 
been conducted in order to assimilate raw lidar data into chemical transport models 
for air quality forecasting around the western Mediterranean basin (e.g., Wang 
et al., 2014), using an approach similar to that used in operational meteorology and 
based on the construction of an observable simulator. This type of approach allows 
a better integration of aerosol mixtures but needs to be validated through cross-
comparisons with key parameters such as the single scattering albedo, which is 
indirectly obtained through synergies between different types of measurements. 
Innovative methods to precisely assess the single-scattering albedo, coupling obser-
vation and modelling, have already been implemented within the framework of 
large campaigns (Randriamiarisoa et al., 2004) and should be expanded over the 
Mediterranean basin.

Acknowledgements Michaël Sicard and Alexandros Papayannis are warmly acknowledged for 
providing some lidar references.
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Abstract The hygroscopic and ice nucleation properties play a vital role for the 
direct and indirect effects of aerosols on climate by determining the interactions of 
aerosol particles with atmospheric water vapour, ice and cloud microphysical pro-
cesses. This chapter reviews the existing published results on the aerosol  hygroscopic 
properties at subsaturated (relative humidity below 100%) and supersaturated (rela-
tive humidity above 100%) conditions, and on the ice nucleation properties of aero-
sols from measurements at multiple sites in the Mediterranean. Rapid progress has 
been made in the last 20 years in understanding how different chemical and physical 
properties affect the aerosol hygroscopic growth. Some early investigations have 
yielded comprehensive information regarding the main sources and chemical com-
position of the atmospheric cloud condensation nuclei (CCN) and ice-nucleating 
particles (INP) in the Mediterranean region. Despite these advances, process-level 
understanding of aerosol hygroscopic properties and related ice nucleation remains 
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insufficient, causing unacceptably large uncertainties when simulating aerosol radi-
ative effects in future climate projections.

1  Preamble and Definitions

The hygroscopic properties of aerosols determine the interactions between the aero-
sol particles and water vapour both at subsaturated (i.e. relative humidity (RH) 
<100%) and supersaturated (i.e. RH >100%) conditions. They determine their cli-
matic impacts via the following physical mechanisms:

 1. When water vapour is subsaturated, an aerosol particle in equilibrium with the 
surrounding environment can contain some amount of absorbed water. Aerosol 
water uptake changes the particle size and spectral optical properties with pro-
found implications for the atmospheric radiative transfer. For example, at RH of 
90%, the aerosol scattering cross section can increase by a factor of 5 compared 
to that of the dry particle if the diameter increases by a factor of 2.3 (Tang, 1996). 
Because of this, the water uptake of the aerosol is the most important contributor 
to direct radiative cooling by aerosols (Pilinis et al., 1995).

 2. When water vapour is supersaturated, aerosol particles can act as cloud conden-
sation nuclei (CCN) to form cloud droplets. Consequently, aerosols are a major 
player in the water cycle by possibly inducing changes in the cloud microphysi-
cal properties, precipitation patterns and cloud radiative effects (Lohmann & 
Feichter, 2005). This second physical mechanism is referred to as the aerosol 
indirect radiative effect.

Atmospheric particles can absorb water at relative humidity well below 100% 
depending on their chemical composition and their size. A large portion of hygro-
scopic particles in subsaturated conditions is usually related to inorganic species, 
such as ammonium nitrate, ammonium sulphate and sodium chloride, whose hygro-
scopic growth behaviour is known relatively accurately (Tang & Munkelwitz, 
1994). In contrast, the understanding of the hygroscopic behaviour of organic aero-
sol is sparser, due to the myriad of individual species involved (Saxena & Hildemann, 
1996). This lack of understanding has also hampered a better understanding of the 
role of organic aerosols on climate (Kanakidou et al., 2005). One way to explore the 
hygroscopic properties of aerosols at supersaturated conditions is to measure the 
so-called hygroscopic growth factor (GF), defined as the ratio of the particle diam-
eter at a certain RH divided by its dry diameter. The most common instrument for 
measurements of GF is the hygroscopicity tandem differential mobility analyser 
(HTDMA; Swietlicki et al., 2008). It explores the GF of particles in the dry size 
range 20–260 nm and was employed successfully in most ground-based campaigns 
in the Mediterranean, as discussed below. The probability distribution of GF mea-
sured by the HTDMA is independent of the particle mixing state. Hygroscopic 
properties of aerosol particles are usually categorized according to the value of GF, 
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Fig. 1 Schematic diagram of mineral dust particles and water interactions. Reactions with reactive 
trace gases during transport can increase mineral dust hygroscopicity. (Reprinted with permission 
from Tang et al. (2016), © American Chemical Society)

typically at 90% RH, into hydrophobic particles (GF below 1.05), nearly hydropho-
bic particles (GF between 1.05 and 1.2), less hygroscopic particles (GF ranging 
between 1.2 and 1.4), moderately hygroscopic particles (GF in the range 1.4–1.6) 
and the most hygroscopic particles (GF > 1.7). For instance, sea salt particles are 
very hygroscopic with GF values larger than 2 (e.g. Zieger et al., 2017), and mineral 
dust particles are typically hydrophobic with GF values around 1 (e.g. Tang et al., 
2016). However, atmospheric aging caused by reactions with trace gases and cloud 
processing during transport can enhance the hygroscopic growth of aerosol particles 
(see the review by Tang et al., 2016; Fig. 1). For a given type of multicomponent 
aerosol particles, the hygroscopic growth may be size dependent (Laskina 
et al., 2015).

CCNs constitute the direct microphysical link between aerosols and clouds. The 
ability of an aerosol particle to act as a CCN at a given supersaturation depends 
primarily on its size and secondarily on its chemical composition (Dusek et  al., 
2006). CCN are emitted directly to the atmosphere by a variety of natural and 
anthropogenic sources, in addition to which CCN can also be produced in the atmo-
sphere by the growth of both primary and secondary aerosol particles (Andreae & 
Rosenfeld, 2008). Measurements of the CCN concentration are usually made using 
CCN counters at different supersaturations (SS) levels.

To obtain a comprehensive understanding of the contribution of different groups 
of aerosols to the overall aerosol hygroscopicity under sub- and supersaturated con-
ditions, the hygroscopicity parameter κ was introduced by Petters and Kreidenweis 
(2007) as a single variable to account for chemical effects on aerosol water uptake 
at any humidity. The κ value can be calculated from either GF measured by an 
HTDMA, CCN concentration measured by a CCN counter or aerosol chemical 
composition measured by an aerosol mass spectrometer.
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Ice-nucleating particles (INPs) act as a seed surface for water vapour and liquid 
water to enable the emergence and growth of ice crystals in the atmosphere. Despite 
their low abundance in the atmosphere, INPs are crucial for the evolution of ice in 
clouds (Pruppacher & Klett, 2010). Without their existence, the ice phase in clouds 
would solely arise from homogeneous ice nucleation at temperatures below about 
−38  °C.  In the presence of INPs, water freezes at much higher temperatures by 
heterogeneous ice nucleation. The process of ice nucleation can occur by immer-
sion, condensation, deposition or contact ice nucleation (Vali et al., 2015). Although 
the number of studies on INP properties for different kinds of aerosol particles has 
been continuously increasing in recent years, our knowledge about which physical 
and chemical properties favour the formation of ice on the surface of an aerosol 
particle is still very rudimentary. General requirements for INPs have been identi-
fied in Pruppacher and Klett (2010) but have more recently been revised (Kanji 
et al., 2017). Certain particle types are considered to be more efficient at nucleating 
ice in the atmosphere than others. Aerosols that can act as INP are mostly insoluble 
particles that often mimic ice lattice structure. Only a few aerosol types have this 
property including mineral dust, volcanic ash, and bioaerosols such as bacteria, 
fungal spores and pollen (Hoose & Möhler, 2012).

2  Hygroscopic Properties at Subsaturated Conditions

Over the last 20 years, field measurements have been dedicated to the study of the 
GF of aerosols at various sites in the Mediterranean, including polluted continental 
sites, background marine environments and high-altitude sites. Studied air masses 
were influenced by various sources, such as fresh and aged anthropogenic particles, 
marine particles, dust particles, aged biomass burning and their mixtures. Figure 2 
shows the GF values classified as a function of the aerosol type for the different 
studies across the Mediterranean. Owing to the frequent observations of externally 
mixed aerosols (multi-modal probability distribution of GF), the data are presented 
as averages in order to provide an overview of particle hygroscopicity. Most data 
were acquired at 90% RH, but the reported RH was as low as 80% for some data 
sets. For comparison between observations, the average GF was recalculated at 90% 
RH using the K-Köhler theory introduced by Petters and Kreidenweis (2007).

Measurements of average GF in polluted continental environments (long dashed 
lines in Fig. 2) have been reported in the Po Valley (Adam et al., 2012; Bialek et al., 
2014; Rosati et al., 2016) and the cities of Marseille in France and Athens in Greece 
(Petäjä et al., 2007). The GF varies greatly. Petäjä et al. (2007) reported an average 
GF of 1.3 and 1.45 for particles of 50-nm diameter at Marseille and Athens, respec-
tively, suggesting differences in the average chemical composition between the two 
urban sites. In the Po Valley, the summertime aerosol at Ispra (Adam et al., 2012) 
seems to be slightly less hygroscopic than at San Pietro Capofiume (Rosati et al., 
2016). Adam et  al. (2012) found diurnal and seasonal variations in both the 
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Fig. 2 Average growth factor as a function of particle dry diameter observed at various sites across 
the Mediterranean. Values from Sjogren et al. (2008), Bezantakos et al. (2013) and Rosati et al. 
(2016) have been converted at 90% RH using the K-Köhler theory (Petters & Kreidenweis, 2007). 
All measurements were performed using an HTDMA with the exception of Rosati et al. (2016) 
who used a white-light humidified optical particle spectrometer (WHOPS) to measure the growth 
factor of particles with a dry diameter of 500 nm

anthropogenic–natural and primary–secondary components, which can explain 
some of the variability in the average GF.

Although the variability in average GF values appears to be large, a consistent 
picture emerges when looking at the probability distribution of GF (not shown in 
Fig. 2). Overall, the various studies reported persistent externally mixed particles with 
at least two or sometimes three hygroscopic modes that can be classified as being 
nearly hydrophobic, less hygroscopic and more hygroscopic particles. The most 
hygroscopic fraction was predominantly the largest one and was attributed to an aged 
regional background aerosol. The various studies showed that the number fraction of 
the nearly hydrophobic and less hygroscopic particle groups decreases with size at all 
sites. These particles were assigned mainly to freshly emitted combustion particles, 
more specifically to vehicle emissions consisting of large mass fractions of black-
carbon or containing some water-insoluble organic compounds. In addition, chemical 
composition measurements in the Po Valley feature the nitrate fraction as an impor-
tant driver for the decrease of GF overnight (Bialek et al., 2014; Rosati et al., 2016).

Only two studies report on hygroscopic measurements in background marine 
environments (blue points in Fig. 2). These measurements were conducted in the 
region of the Aegean Sea at Finokalia, in Crete, from August to October 2005 (Stock 
et al., 2011), and during two flights from Crete to Lemnos in August and September 
2011 (Bezantakos et al., 2013). Particles were mainly found in an internal mixing 
state, as a result of coagulation and condensation of gaseous species during a long 
atmospheric residence time (Heintzenberg, 1989). At Finokalia, the average GF was 
about 1.55 at 90% RH for 150 nm particles (Stock et al., 2011), which is within the 
broad range observed in oceanic areas (Swietlicki et  al., 2008). By contrast, the 
average GF measured by Bezantakos et al. (2013) was significantly lower (average 
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GF of about 1.3 at 90% RH for 150-nm particles) and more representative of conti-
nental aerosol particles. This was attributed to the contribution of polluted air from 
Athens over the Aegean Sea. Values of average GF were negatively correlated with 
the concentration of particulate organic matter, which contributed almost 50% to the 
volume of the particles. The exact chemical nature of these organic particles that 
were either of biogenic or anthropogenic origin was not reported.

Air masses influenced by aged biomass burning originating from central eastern 
Europe (green points in Fig. 2) have been studied at Finokalia by Bougiatioti et al. 
(2011). The average GF values were among the highest reported over the 
Mediterranean with an average value of 1.6 at 90% RH. Bimodal hygroscopicity 
distributions, respectively classified as moderately hygroscopic and nearly hydro-
phobic, were observed during the arrival of the smoke plumes. The moderately 
hygroscopic mode was dominant in number for all sampled particles. Larger parti-
cle sizes exhibited higher hygroscopic growth and degree of mixing than smaller 
particles sizes, which was attributed to the effects of condensational growth and 
cloud processing. The number concentration of nearly hydrophobic mode exhibited 
considerable variability (up to 100% for particles of the same size) and coincided 
with the fraction of organic components in the sub-100 nm size. The fact that smaller 
particles were less mixed than larger particles suggests that the smaller particles 
were an external mixture of freshly emitted and secondarily formed particles.

Measurements of average GF in the free troposphere (FT) (black points in Fig. 2) 
have been reported at the high alpine research station Jungfraujoch in Switzerland 
(~3580 m a.s.l.; Weingartner et al., 2002; Sjogren et al., 2008; Kammermann et al., 
2010), the Monte Cimone observatory in northern Italy (~2300 m asl.; Van Dingenen 
et al., 2005) and the Puy de Dôme in central France (~1465 m asl.; Holmgren et al., 
2014). Although these sites are located in the lower FT, they can also be influenced 
by injections of more polluted atmospheric boundary layer (BL) air. At Jungfraujoch, 
field campaigns were conducted during summer and winter in the years 2000, 2002, 
2004 and 2005 (Weingartner et al., 2002; Sjogren et al., 2008) and during a 13-month 
period in the years 2008 and 2009 (Kammermann et al., 2010). Aerosol hygroscop-
icity was independent of the season and of the synoptic wind direction during 
advective weather situations. From a climatology analysis, Kammermann et  al. 
(2010) reported that the hygroscopic behaviour of the aerosol at Jungfraujoch can 
be considered representative of the lower FT, with limited influence of the 
BL. Moreover, they found that the annual average GF was independent to particle 
diameters (by considering the Kelvin effect). This suggests that a constant and size 
independent value of average GF (~1.5 at 90% RH) is a good approximation in 
models that need a simple description of the Aitken and accumulation mode aerosol 
at the Jungfraujoch site. The Monte Cimone and Puy de Dôme sites are located in 
the transition zone between the BL and the FT. As for the Jungfraujoch site, the 
majority of particles measured were found to be moderately hygroscopic. However, 
the observed hygroscopic behaviour of the aerosol was strongly dependent on the 
air mass origin and history at both sites. Injections of BL air in the FT lead to a 
decrease in average GF, attributed to a higher contribution of hydrophobic black 
carbon and/or organic particles in the accumulation mode.
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Finally, the impact of Saharan dust events on average GF has been studied at 
these FT sites (orange points in Fig. 2). Van Dingenen et al. (2005), Sjogren et al. 
(2008), and Kammermann et al. (2010) reported that the accumulation mode (rep-
resented by 100 and 250 nm particles) during dust events displayed a high degree of 
external mixing with an increase of nearly hydrophobic particles. The average GF 
of larger particles were obtained in the western (Granados-Muñoz et al., 2015) and 
eastern (Tutsak & Koçak, 2019) Mediterranean by using a newly developed meth-
odology based on combining active and passive remote sensing and collocated 
radiosounding data. These studies showed that a substantial fraction of particles was 
nearly hydrophobic when mineral dust dominated the aerosol population. Most of 
the non-hygroscopic dust particles were observed in spring and altered significantly 
the RH dependence of integral optical properties of aerosol (Tutsak & Koçak, 2019).

Table 1 CCN concentrations and κ-derived values observed at various sites across the 
Mediterranean at 0.2% supersaturation

Location Site category Period

Mean CCN 
concentration at 0.2% 
SS (cm−3)

Mean 
κ References

Finokalia, Crete 
Isl.

Coastal 
background

Sept.–Oct. 
2007

1321 0.25a Bougiatioti 
et al. (2009)

July–Aug. 
2007

1373 0.22b Bougiatioti 
et al. (2011)

Nov. 
2014–Sep. 
2015

340 0.46a Schmale et al. 
(2018)

June 
2008–
May 2015

– 0.36a Kalkavouras 
et al. (2019)

Biomass 
burning 
influence

Aug.–Sep. 
2012

– 0.2–
0.3b

Bougiatioti 
et al. (2016)

Cyprus Continental 
pollution

2–30 April 
2017

1065 0.49b Gong et al. 
(2019)

Jungfraujoch, 
Swiss Alps

Mountain 
background

May 
2008–Sep. 
2009

94.7 0.23b Jurányi et al. 
(2011)

Jan. 
2012–
Dec. 2014

152 0.39a Schmale et al. 
(2018)

Puy de Dôme, 
France

Nov. 
2014–Sep. 
2015

312 –

aDerived from the measurements of aerosol chemical composition data
bDerived from the measurements of CCN concentration at 0.2% supersaturation (SS) and the aero-
sol number size distribution
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3  Hygroscopic Properties at Supersaturated Conditions

As shown in Table 1, measurements of the CCN concentration were performed in 
the marine location of Finokalia in the eastern Mediterranean (Bougiatioti et al., 
2009, 2011, 2016; Kalivitis et al., 2015; Schmale et al., 2018; Kalkavouras et al., 
2019), the continental polluted area of Cyprus (Gong et al., 2019) and the high- 
altitude sites of Jungfraujoch (Jurányi et  al., 2011) and Puy de Dôme (Schmale 
et al., 2018).

Long-term observations explored the frequency and seasonal cycles of CCN 
number concentration at regionally representative sites, while some observations 
focused on relatively short time periods to capture specific circumstances and in 
particular new particle formation (NPF) or biomass-burning events. Schmale et al. 
(2018) found that the CCN number concentrations varied considerably with region, 
across site categories and also seasonally within one measurement station. The low-
est CCN concentrations were observed at the mountain sites Jungfraujoch and Puy 
de Dôme, with almost no observation higher than 1000 cm−3. This is expected as 
they represent FT and continental background conditions, as discussed in the previ-
ous section. Higher CCN concentrations (between 200 and 2000 cm−3 at a super-
saturation of 0.2%) were found in the marine environment of Finokalia due to 
particular pollution influences, which, for example, include long-range transport of 
N-E European pollution and biomass-burning events in summer. During an inten-
sive measurement campaign at Cyprus, Gong et al. (2019) found even higher values 
of CCN concentrations up to 3730 cm−3 at a supersaturation of 0.3%. Strong sea-
sonal cycles of CCN number concentrations were reported at the different sites, 
most strongly at the FT sites Puy de Dôme and Jungfraujoch due to BL air masses 
uplifted in summer (Schmale et al., 2018). A similar seasonal cycle exists, although 
less pronounced, at the marine site of Finokalia, characterized by pollution events 
occurring in summer.

Large-scale modelling studies suggest that a significant fraction of CCN in the 
global atmosphere originates from NPF (Spracklen et al., 2006; Makkonen et al., 
2012; Dunne et al., 2016; Gordon et al., 2017). Although initially too small (1–2 nm; 
Kerminen et al., 2012) to act as CCN, particles from NPF may grow to sufficient 
size and hygroscopicity over a period of a few hours to days and eventually act as 
efficient CCN. According to our current understanding, molecular cluster formation 
appears to take place almost everywhere and all the time in the atmosphere, whereas 
the formation of growing nanoparticles to CCN sizes requires more specific atmo-
spheric conditions (Kulmala et  al., 2014). Atmospheric observations in the 
Mediterranean region support the current view, obtained from large-scale model 
simulations, that atmospheric NPF is an important source of CCN. Evidence for 
substantial local enhancement in CCN number from NPF have been reported at the 
coastal site of Finokalia (Bougiatioti et  al., 2011, 2016; Kalivitis et  al., 2015; 
Kalkavouras et al., 2017, 2019; Schmale et al., 2018) and at the continental polluted 
site in Cyprus (Gong et al., 2019). At Finokalia, Kalkavouras et al. (2019) found 
from 7 years of continuous aerosol measurements that the average contribution of 
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NPF to the CCN budget varied from 29% to 77% in the 0.1% to 1% supersaturation 
range. This phenomenon appears to be sporadic in nature and requires specific con-
ditions to occur like a minimum concentration of pre-existing aerosol particles. As 
a result, the frequency of enhancement in CCN number from NPF varies over the 
course of a year, since most of the variables influencing NPF and particle growth 
have a pronounced seasonal variation. The active period for CCN associated with 
NPF tends to be the afternoon in summertime (Kalkavouras et al., 2019) and was 
partly attributed to either marine emissions (Kalivitis et al., 2015) or anthropogenic 
emissions transported from central eastern Europe (Bougiatioti et al., 2011).

The CCN properties of air masses influenced by biomass-burning events have 
been studied at the Finokalia site by Bougiatioti et al. (2016). They found a direct 
influence of fire events on the total CCN concentration across all particle sizes, with 
an enhancement of CCN concentrations by a factor from 1.6 to 2.5 compared to 
background conditions. Particle sizes larger than 100 nm exhibited an increase in 
CCN number of more than 50% and up to 30% for particles in the 60–80 nm range 
compared to background conditions. This clearly suggested a size-dependent chem-
ical composition of particles.

Overall it seems that at the different sites investigated, the mixing between 
anthropogenic and natural (marine) sources leads to a complex behaviour of particle 
activation. The composition-derived κ values suggest that sulphate play important 
roles in growing nucleated particles to CCN sizes at Finokalia and Cyprus during 
summertime (Kalivitis et al., 2015; Kalkavouras et al., 2017; Gong et al., 2019). 
However, increased organic particle mass is observed during the biomass burning 
season at Finokalia with 40% mass contribution when κ reaches a minimum 
(Bougiatioti et al., 2016). At the alpine site of Jungfraujoch, the influence of organic 
matter (up to 70% mass contribution) becomes most important in summer because 
of BL air mass uplift, and again the impact on the calculated κ is evident (Jurányi 
et al., 2011; Schmale et al., 2018).

4  Ice Nuclei Particles

Ground-based observations in the Mediterranean have generally identified an 
increase in INP concentration in the presence of mineral dust (Santachiara et al., 
2010; Belosi et al., 2017), with up to a twofold increase compared to dust-free con-
ditions (Levi & Rosenfeld, 1996; Ardon-Dryer & Levin, 2014; Rinaldi et al., 2017). 
Based on unmanned aerial vehicle (UAV) measurements over Cyprus, Schrod et al. 
(2017) found an increase in the INP concentration by a factor 10 in elevated plumes 
compared to ground level due to Sahara dust layers travelling at several kilometres 
in altitude. This suggests that mineral dust particles can remain ice-active even after 
long transport in the atmosphere and thus over considerable distances, making them 
a major contributor to the ice-nucleating properties of the aerosol in the Mediterranean 
region. Excluding situations characterized by transport of dust plumes, Rinaldi et al. 
(2017) found that INP concentration at a measurement station in the Po valley basin 
was roughly double that of what they observed at the Apennine mountain of Monte 
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Fig. 3 Summary of INP concentrations taken from field measurements conducted in the 
Mediterranean

Cimone. Gong et al. (2019) observed elevated concentrations of INP at temperature 
T ≥ −18 °C on the anthropogenically polluted island of Cyprus. Specifically, INP 
concentration spanned about 1 order of magnitude below −20 °C and about 2 orders 
of magnitude at the warmer temperatures (T ≥ 18 °C), without correlation to the 
surface area concentration of the total aerosol. INP at the lower temperatures were 
likely dust particles, while the larger concentration range observed at higher tem-
peratures may be due to varying concentrations of biological particles.

Figure 3 shows a summary of INP concentrations as a function of the tempera-
ture taken from field measurements conducted in the Mediterranean. Measurements 
are classified based on aerosol types. A general observation that has already been 
made early on (as described in Kanji et al., 2017) is roughly an exponential increase 
in INP concentrations with decreasing temperature. However, at a given tempera-
ture, the spread in observed INP concentrations in dust plumes is of several orders 
of magnitude, suggesting that a parameterization based on a simple exponential fit 
does not describe the observations. Parameterizations of ice formation in climate 
models are often based on the freezing properties of surface natural or standard dust 
(Niemand et al., 2012), which have been shown to overestimate the activity of air-
borne dust (Reicher et al., 2019) and anthropogenic polluted aerosol (Gong et al., 
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2019) in the eastern Mediterranean. Though the exact properties of dust particles 
that determine their ice nucleation ability are not known, it was consistently shown 
that the mineral composition plays an important role (Atkinson et al., 2013; Kanji 
et al., 2017). Recently, Reicher et al. (2019) corroborated that the INP activity of 
particles collected during several mineral dust events in Israel is size dependent. The 
size dependence of ice nucleation, which for dust particles is typically seen as a 
relation between ice activity and surface area, has already been shown in laboratory 
studies for different dusts (e.g. Niedermeier et al., 2015; Hartmann et al., 2016). 
Reicher et al. (2019) further suggested that the freezing activity of dust particles is 
dominated by feldspar and quartz for the supermicron- and submicron-sized parti-
cles, respectively. Given that the dust size distribution evolves during transport in 
the atmosphere due to deposition processes of the largest particles (Mahowald et al., 
2014), accounting for a time-dependent particle size for the dust fraction of the 
aerosol and for a dust mineralogy using a two-moment scheme could improve the 
prediction of ice clouds formation. Regarding dust-free environments, observations 
highlight the importance of developing new parameterizations including biological 
INP to be incorporated in climate models (Gong et al., 2019).

5  Summary and Challenges for Future Research

Most ambient measurements of aerosol hygroscopic properties were conducted at 
the ground level in the Mediterranean. However, surface measurements are not 
always representative for aerosol properties at elevated altitudes. Previous airborne 
studies showed that aerosol chemical composition can vary with height over the 
Mediterranean basin (Formenti et  al., 2002; Dulac & Chazette, 2003; Di Biagio 
et  al., 2015; Denjean et  al., 2016). Accordingly, aerosol hygroscopicity, which 
depends on chemical composition, is also expected to be height dependent. New 
airborne studies that allow direct measurements or aerosol hygroscopicity at high 
altitudes can be very valuable.

While CCN measurements can provide useful information about the origin of 
CCN particles in the atmosphere and their activation rate into cloud droplets, the 
missing link in the aerosol–cloud interactions is the connection of CCN concentra-
tions to the ambient cloud droplet number concentration (CDNC). The latter dis-
tinction is important, given that CDNC exhibits a sublinear response to aerosol 
increases, owing to the elevated competition for water vapour and reduction in 
cloud supersaturation (Nenes et al., 2001; Ramanathan et al., 2001). However, very 
few studies actually go beyond CCN measurements to calculations of CDNC in the 
Mediterranean, and particularly, to our knowledge, no study has compared CCN 
concentrations to direct CDNC measurements. Kalkavouras et  al. (2017, 2019) 
reported much higher CCN number enhancement (87%) at two marine sites in the 
eastern Mediterranean (namely, Santorini and Finokalia) than in CDNC (12%) dur-
ing NPF episodes in summer. Similarly, Bougiatioti et al. (2016) found that biomass 
burning increases droplet number only by 8.5% although strongly elevating CCN 
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concentrations. The reason for this discrepancy is due in part to the different super-
saturations used to quantify CCN enhancement (0.2%, 0.4%, 0.6% and 0.8%) com-
pared to values used to compute CDNC (ranging from 0.03% to 0.27%) and also 
because supersaturation drops due to increasing CCN concentrations because of 
water vapour competition effects during the process of droplet formation. These 
issues are important, because a misrepresentation of CDNC would result in precipi-
tation underestimation at locations with shallow cloud formation, as precipitation 
efficiency in shallow convection is reduced with increasing CDNC (Andreae & 
Rosenfeld, 2008). If filled, this gap could greatly improve our understanding of the 
processes and feedbacks within the aerosol–cloud–climate interactions and enhance 
the performance and accuracy of climate models in the Mediterranean region (see 
also the chapter by Nabat et al., 2022).

During the last decade, significant progress in INP measurements has been made 
in the Mediterranean. Studies show that the lower tropospheric INP population is 
composed of mineral dust and carbonaceous particles of biological origins. 
However, the INP ability of different types of particles and the extent to which 
anthropogenic aerosols can play a role in cloud ice formation are still open ques-
tions. It still remains largely unclear, and it is crucial to assess the abundance, vari-
ability and nature of INPs, both in continental and marine environments. Insufficient 
understanding of ice production is limiting our ability to quantify aerosol effects on 
ice crystal concentrations and subsequent cloud properties. In particular, attention 
should focus on anthropogenic perturbations to these relationships and the implica-
tions for climate forcing.
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Abstract
Deposition is a key term to correctly model the atmospheric aerosol mass burden, 
which results from the balance between emission and deposition fluxes. In the 
Mediterranean basin (MB), the spring season is marked by occasional and some-
times very intense dust storms. The particulate mass budget is highly influenced by 
those dust events which provide a major contribution to the PM10 atmospheric mass 
measured at regional background sites located in the southern MB. In addition to 
intense inputs of Saharan dust, the MB also receives both noticeable pulsed and 
continuous anthropogenic inputs. In this context, atmospheric deposition consti-
tutes major external sources of nutrients and contaminants for Mediterranean ter-
restrial and marine ecosystems. In this section, we examine composition, seasonality 
and heterogeneity of atmospheric deposition to the Mediterranean Sea. We focus on 
the atmospheric deposition of dust and species being of marine biogeochemical 
interest.
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Abstract In this chapter, we briefly recall dry and wet deposition processes and 
their parameterizations and examine the aerosol mass deposition over the 
Mediterranean basin and its temporal and spatial variability, mainly through a 
review of available dust deposition measurements. Even if deposition sampling was 
performed at various periods and places with different devices and for different 
purposes, the dataset provides a quite complete picture of deposition in the sub- 
regions of the Mediterranean over more than half a century, from historical 
observations to recent studies in the framework of the Chemistry-Aerosol 
Mediterranean Experiment (ChArMEx). Atmospheric deposition mass fluxes in the 
western, central and eastern regions of the Mediterranean are illustrated focusing on 
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mineral dust. As in other regions, the spatial and temporal variability of the 
Mediterranean aerosol deposition is controlled by relative changes in pulsed and 
sporadic dust emission sources, atmospheric pathways, and balance between wet 
and dry deposition processes. A better understanding of past and future deposition 
evolution and trends requires joint studies of direct measurements, satellite 
observations and model simulations of natural and anthropogenic changes in the 
Mediterranean context.

1  Introduction

The Mediterranean Sea lies between highly industrialized areas to the north and arid 
regions to the south. Different kinds of aerosols are emitted from these contrasting 
regions, which upon transport and deposition affect the marine and terrestrial 
ecosystems of the basin (see the chapters by Guieu & Ridame, 2022; Kanakidou 
et  al., 2022). Aerosol deposition measurements have been carried out since the 
mid-1960s in the Mediterranean region. Several studies have thus been done to 
investigate the deposition of dust aerosols. Deposition tends to be dominated by 
pulsed and sporadic events (see also the chapter by Laurent & Bergametti, 2022) 
that nevertheless represent a major contribution of the total mass deposition flux 
(dry and wet deposition) in the Mediterranean basin.

The main physical processes involved in the dry deposition of aerosol particles 
are sedimentation, interception, impaction, Brownian diffusion and rebound (e.g., 
Slinn & Slinn, 1980; Slinn, 1982; Seinfeld & Pandis, 1998). These processes depend 
on the aerosol characteristics (diameter, density, shape, hygroscopicity, electrostatic 
charge, etc.) but also on the meteorological conditions (turbulence, wind speed, 
friction speed, sensible heat flux, atmospheric stability, relative humidity, etc.) and 
surface properties (roughness, temperature, electrostatic properties, humidity, etc.). 
Wet deposition occurs when particles are scavenged from the atmosphere to the 
surface by precipitation. Two phenomena are involved: scavenging of particles 
below the cloud by precipitating rain drops (below-cloud scavenging) and 
incorporation of particles in the cloud water, followed by their precipitation 
(in-cloud scavenging) (e.g., Slinn, 1983; Seinfeld & Pandis, 1998; Duhanyan & 
Roustan, 2011). In the atmosphere, water usually condenses on particles that act as 
cloud condensation nuclei (CCN) or ice nuclei (IN) in a colder atmosphere. The 
ability of a particle to act as CCN or IN depends on its physicochemical properties, 
its size and its mineralogical and chemical composition (e.g., Seinfeld & Pandis, 
1998; Atkinson et al., 2013). When a particle is incorporated into a droplet, it may 
partially or completely be dissolved. It may therefore be necessary to collect 
together or separately the soluble and insoluble fractions of the aerosol deposited by 
precipitation.

In situ deposition measurements have to be referred to the method employed to 
sample the dry, wet, total (dry plus wet) or bulk deposition, the target components 
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(soluble, insoluble) and the temporal scale (short or long term). They can be sampled 
with specific sampling devices (e.g., Laurent et al., 2015, and references therein). 
When a wet only/dry only collector is used, the sampling bucket is only exposed 
during rain/no rain period, respectively. When collectors are continuously open to 
the atmosphere, the bulk deposition is collected, so that the dry deposition fraction 
is included. Deposition mass is generally obtained by the weighing of the samples 
(e.g., Loÿe-Pilot and Martin, 1996; Laurent et al., 2015). However, the elemental 
analysis of deposition samples can also allow one to estimate the dust deposited 
mass. Especially aluminium can be used to estimate the mass of the deposition flux 
of dust by considering that this element contributes to about 7–8% of their total 
mass (e.g., Kubilay et al., 2000; Guieu et al., 2002). It can also be derived from 
atmospheric dust concentrations by applying a deposition rate for dry deposition or 
a scavenging efficiency for wet deposition (e.g., Jickells et  al., 1987; Duce & 
Tindale, 1991).

Deposition of aerosols emitted from different natural sources and sources related 
to human activity impacts the Mediterranean. Studies performed on both sides of 
the Mediterranean basin have investigated only the mineral fraction of the deposition 
(Vincent et  al., 2016) or the contribution of mineral, organic and anthropogenic 
sources to deposition (e.g., Fu et al., 2017; Lequy et al., 2018; Cerro et al., 2020). 
The heterogeneity, variability and source apportionment of deposition based on 
chemical measurements are discussed in the two following chapters on nutrient 
deposition and variability, and trace metals and contaminants deposition, respectively 
(Desboeufs, 2022a, 2022b). After a brief description of the dry and wet deposition 
processes, the spatial and temporal mass deposition pattern in the Mediterranean is 
discussed in this chapter by focusing on mineral dust deposition.

2  Deposition Processes

Particles in the atmosphere are subject to gravitational settling, which depends 
mainly on their size and density. The gravitational settling velocity (Vs) is controlled 
by the balance of the forces exerted on a falling particle in the air (gravity, 
Archimedes’ principle, drag force). Vs is expressed from the Stokes’ law (Stokes, 
1851) which represents the force exerted by a fluid on a particle moving in this fluid:
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with Daero the aerosol diameter, ρaero and ρa the aerosol and air densities, respectively, 
g the gravity, μa the air dynamic viscosity. and Cu the Cunningham’s correction factor.

A particle close to a surface can also be subject to other processes which are the 
impaction, the inertial interception, the Brownian diffusion or rebound. These 
processes depend on particle properties and on the air flow near the surface and are 
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characterized by aerodynamic (ra) and surface (rs) resistances. These different 
processes are considered in the deposition velocity (Vd) which is generally expressed 
as a function of Vs (m s−1), ra and rs (s m−1) according to Slinn (1982):
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Vd is minimum for particles whose diameter is between 0.1 μm and 1 μm. Indeed, 
Brownian diffusion controls the deposition of particles with a diameter lower than 
0.1 μm, while gravitational settling and impaction control dry deposition of particles 
larger than 1 μm. However, the physical representation of the rebound of atmospheric 
particles remains an open question (Figgis et al., 2018).

The dry deposition flux (Fs) is expressed as a function of Vd and the aerosol con-
centration (Caero, h) in an air layer of height h (e.g., Seinfeld & Pandis, 1998):

 
F V Cs d aero h= ,  (3)

The wet deposition flux of aerosol particles (Fh) is expressed as the product of the 
concentration of particles in rainwater (Caero, rain) by the rainfall rate (P) (e.g., Slinn, 
1983; Seinfeld & Pandis, 1998).

The below-cloud scavenging corresponds to the collection of atmospheric parti-
cles trapped under the cloud by precipitating hydrometeors. This phenomenon takes 
place in the air column between the cloud and the ground. The main processes 
involved are the impaction, interception and Brownian diffusion induced by the fall 
of the raindrops. This leads to a decrease with time of the atmospheric particle 
concentration (Caero) which can be expressed as a function of a below-cloud 
scavenging coefficient Λbelow (in s−1) (e.g., Slinn, 1977; Seinfeld & Pandis, 1998; 
Loosmore & Cederwall, 2004):
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where Daero is the diameter of the particles, P is the rainfall rate, which is expressed 
as a function of the diameter of the drops (Dg) and their fall velocity (vg), and E(Daero, 
Dg) is the wet collection efficiency, i.e., the ratio of the particles captured by the rain 
drops to the total particles in the atmosphere. Slinn (1977) expresses E as the sum 
of the collection effects by impaction (EImpa), interception (EInter) and Brownian 
diffusion (EBrown). Numerous studies add electrostatic and phoretic effects to the 
Slinn model in order to compensate for its underestimation in the 0.1–3 μm particle 
size range (Wang et  al., 1978; Andronache, 2004; Chate, 2005; Andronache 
et al., 2006).

The variation in aerosol concentration (Caero) with time by in-cloud deposition 
can also be expressed from a scavenging coefficient Λin (in s−1) (e.g., Tsyro, 2002):
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Pr corresponds to the rate of precipitation released in the considered mesh, mw is the 
density of cloud water and ∆z is the height of the mesh. ε is the efficiency of 
incorporation of the particles in the aqueous phase of the cloud. It corresponds to the 
ratio of the particle concentration in the aqueous phase to the total particle 
concentration.

For dust particles, which present a large size range from less than a tenth to sev-
eral tens of micrometres, the dry processes generally dominate their deposition near 
their source regions of emission. This is due to the high concentration of large par-
ticles and to the dry climate prevailing most of the time in desert regions. Far from 
the dust source regions, since the largest particles have been previously deposited, 
the size range of dust particles is tightened, with a typical median mass diameter 
close to 2 μm (e.g., Schütz, 1980). Wet deposition allows the removal from the 
atmosphere of the small particles that are less subject to dry deposition. It can be an 
efficient process for removing particles from the atmosphere during long-range 
transport (e.g., Slinn, 1977; Bergametti et al., 1989). Observations of the long-range 
transport of coarse particles of several tens of μm in diameter (e.g., Betzer et al., 
1988; Weinzierl et al., 2009; van der Does et al., 2018) suggest, however, that the 
sedimentation of dust particles is counterbalanced, possibly by electric forces 
(Renard et al., 2018; Toth III et al., 2020).

3  Mass Deposition in the Mediterranean

Mineral dust largely contributes to the high PM10 atmospheric mass concentrations 
measured at regional background sites in the southern Mediterranean basin (35–50% 
of PM10), and locally up to 80% of the total PM10 mass (Pey et al., 2013; Kaskaoutis 
et al., 2023). After first dust deposition measurements made in the 1960s in Israel 
(e.g., Ganor & Foner, 2001), dust deposition was studied in the 1980s in the western 
and eastern parts of the Mediterranean basin (e.g., Usero & Gracia, 1986; Loÿe- 
Pilot et al., 1986; Bergametti et al., 1989; Mattson & Nihlén, 1994; Loÿe-Pilot & 
Martin, 1996; Guerzoni et al., 1999; Kubilay et al., 2000). However, these studies 
were not connected in time and most of them used different sampling strategies. In 
2001, as part of the ADIOS project, nine measurement stations were equipped to 
measure in a similar way the atmospheric deposition during 1 year (June 2001–May 
2002) all around the Mediterranean basin, in France, Spain, Morocco, Tunisia, 
Egypt, Turkey, Cyprus, Crete and Greece (e.g., Guieu et al., 2010; Markaki et al., 
2010). Other studies were carried out at several sites but for a limited period (e.g., 
Usero & Gracia, 1986; Guieu et al., 2010) or sometimes at a single site for periods 
longer than 10  years (Avila et  al., 1997, 2007; Loÿe-Pilot & Martin, 1996; Fiol 
et  al., 2005). In the framework of the ChArMEx project, Vincent et  al. (2016) 
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deployed a network of deposition samplers between 2011 and 2013 in the western 
Mediterranean, from the north African coast to southern France, to measure the total 
insoluble atmospheric deposition on a weekly basis. Moreover, Cerro et al. (2020) 
collected separately wet and dry deposition from June 2010 to August 2012 at a 
rural background site on Mallorca Island to determine ions, and major and trace 
elements, in both the soluble and insoluble fractions.

Dust aerosol deposition fluxes measured in the Mediterranean, and additional 
information on the type of sampling (total, soluble, insoluble), on the dust flux 
measurement method (directly weighed or estimated from the concentrations of 
chemical elements), and on the periods and durations of the samples, are compiled 
in Table 1. One of the reasons why such a small number of field studies has been 
performed is the heavy workload that both sampling and measurement of dust 
deposition represent over long periods of time. Deposition measurements are 
difficult to perform, and the devices used are generally study dependent; some of the 
mass deposition measurements are bulk or can just be done for the insoluble or the 
soluble deposition fractions. A key point when interpreting mass deposition data is 
knowing the size distribution of the deposited aerosol particles. Direct observations 
documenting jointly these parameters are challenging to perform as deposition 
sampling itself can modify the aggregation state of the collected particles. Regional 
and global models often considered only the dust fraction smaller than 20 μm in 
diameter, while “giant particles” with diameters from several tens up to one hundred 
microns have been collected far from emission source areas (Renard et al., 2018; 
van der Does et al., 2018; Ryder et al., 2019; Toth III et al., 2020). However, overall, 
these measurements provide a quite complete and realistic picture of dust deposition 
in the Mediterranean basin.

Dust deposition measurements close to the North African dust sources are scarce. 
Dust deposition fluxes have been measured in northern Algeria, Morocco, Tunisia 
and Libya. In northern Algeria, Lequy et  al. (2018) registered a deposition flux 
around 65 g m−2  yr−1 in 2011–2012. The deposition samples from Morocco and 
Tunisia (Guieu et  al., 2010) were collected at sampling sites located along the 
Mediterranean coasts and ranged from 7 to 23  g  m−2  yr−1, respectively. Annual 
deposition fluxes (2000–2001) over 24 sampling sites in Libya were higher, 
averaging 129 g m–2 yr−1 (O’Hara et al., 2006). Deposition at 14 sites located in the 
northern part of the country ranges from 30 to 103 g m−2 yr−1 for the particle size 
fraction <20 μm (O’Hara et al., 2006).

Regarding dust measurements in the eastern Mediterranean, insoluble deposition 
was measured for a long time period (1965–1995) at different locations in Israel, 
ranging from 30 to 90  g  m−2  yr−1 (Ganor & Foner, 2001). From elemental 
measurements and assuming Al is 7.1% of the dust mass, Guieu et  al. (2010) 
estimated dust deposition of around 20  g  m−2  yr−1 in northern Egypt. In the 
northeastern part of the basin, the annual deposition flux of dust was 5.4 g m−2 yr−1 
in Cyprus between June 2001 and May 2002 (Guieu et al., 2010). Kubilay et al. 
(2000) estimated the annual total dust deposition at the Erdemli station (36°N, 
34°E) in Turkey at around 13 g m−2 yr−1 for 1992. From several sites on the island 
of Crete, Mattson and Nihlén (1994) measured deposition ranging from 11 to 
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Table 1 Mineral dust or total mass deposition fluxes measured in the Mediterranean basin and 
northern Africa. Measurement types are bulk (B), insoluble only (I), soluble only (S) or wet only 
(W) . (Adapted and completed from Vincent et al., 2016)

Location Period Duration

Deposition 
flux 
(g m)−2 yr−1 Type References

Western Mediterranean
France

Cap Ferrat and 3 sites in SE 
France and NW Corsica Isl.

2003–2007 4 yra 11.4 I Ternon et al. 
(2010)

Cap bear, SW France 2001–2002 12 mo 10.6c B Guieu et al. (2010)
Le Casset, SE France 2011–2013 28 mo 0.9 I Vincent et al. 

(2016)
Frioul Isl., SE France 2011–2013 28 mo 3.5 I Vincent et al. 

(2016)
Capo Cavallo, NW Corsica 
Isl.

1985–1986 12.5 mo 12.5c B Bergametti et al. 
(1989)

1986–1987 20 mo 9.7 B Remoudaki (1990)
3 inland sites, Corsica Isl. 1984–1994 10 yrb 4–26 B Loÿe-Pilot and 

Martin (1996)
Ostriconi, N Corsica Isl. 2001–2002 12 mo 27.4c B Guieu et al. (2010)
Pirio, NW Corsica Isl. 1995–1997 27 mo 2–4c B Ridame et al. 

(1999)
1999–2000 13 moa 9–14c B Loÿe-Pilot et al. 

(2001)
Ersa, NW Corsica Isl. 2012–2013 18 mo 2.1 I Vincent et al. 

(2016)
Cap Cuittone (Galeria), W 
Corsica Isl.

2008–2011 3.5 yr 1.7c B Desboeufs et al. 
(2018)

Italy

Lampedusa Isl., S Italy 2011–2013 23 mo 7.4 I Vincent et al. 
(2016)

Capo Carbonara, SE 
Sardinia Isl.

1990–1992 19 mo 12.8c B Guerzoni et al. 
(1999)

Spain

Montseny, NE Spain 1983–1994 11 yr 5.2d B Avila et al. (1997)
2002–2003 12 mo 5.4 B Castillo et al. 

(2017)
2011–2012 18 mo 18.1 B Lequy et al. 

(2018)
Palma de Mallorca, 
Mallorca Isl.

1982–2003 22 yr ~14d B Fiol et al. (2005)

Can Llompart, Mallorca Isl. 2010–2012 26.5 mo 22.8 B Cerro et al. (2020)
5.2 I
6.6c I

Ses Salines, Mallorca Isl. 2011–2013 27 mo 5.8 I Vincent et al. 
(2016)

(continued)

Mass Deposition



312

Table 1 (continued)

Location Period Duration

Deposition 
flux 
(g m)−2 yr−1 Type References

Campo de Gibraltar, S 
Spain

1982–1983 12 mo 22.8c S + I Usero and Gracia 
(1986)

Lanjaron, SE Spain 2001–2002 23 mo 11.1 B Morales-Baquero 
et al. (2006)

Granada depression, SE 
Spain

1992–1993 12 mo 26 B Díaz-Hernández 
et al. (2011)

Eastern Mediterranean
Greece

6 sites, Crete Isl. 1988–1994 6 yr 11–23 B Mattson and 
Nihlén (1994)

7 sites, Crete Isl. 1988–1990 34 mo 10–100 B Pye (1992)
Heraklion and Finokalia, N 
Crete Isl.

1996 12 mo 6c W Ezat et al. (1997)

Finokalia, NE Crete Isl. 2001–2002 12 mo 8.8c B Guieu et al. (2010)
Mytilene, Lesbos Isl. 2001–2002 12 mo 5.4c B Guieu et al. (2010)
Other countries

Cavo Greco, SE Cyprus Isl. 2001–2002 12 mo 4.2c B Guieu et al. (2010)
Various sites, Israel 1965–1995 (a) 30–90 I Ganor and Foner 

(2001)
Erdemli, SE Turkey 1991–1992 16 mo 13.0 B Kubilay et al. 

(2000)
Akkuyu, SE Turkey 2001–2002 12 mo 10.1c B Guieu et al. (2010)
North Africa
Alexandria, N Egypt 2001–2002 8.5 mo 20.3c B Guieu et al. (2010)
14 inland sites, N Libya 2000–2001 12 mo 58e B O’Hara et al. 

(2006)
Cap Spartel, N Morocco 2001–2002 12 mo 7.2c B Guieu et al. (2010)
Mahdia, E Tunisia 2001–2002 12 mo 23.3c B Guieu et al. (2010)
Tizi Rached, N Algeria 2011–2012 20 mo 65.4 B Lequy et al. 

(2018)
aSampling performed in different places and periods
bSampling in different places
cAssuming Al is 7.1% of total dust (Guieu et al., 2002)
dDust rains only
eParticles <20 μm only

23 g m−2 yr−1, between 1988 and 1990, when Pye (1992) observed a wider range of 
deposition, from 10 to 100 g m−2 yr−1 between 1988 and 1992.

In the western Mediterranean, from wet deposition measured in Mallorca 
between 1982 and 2003, Fiol et al. (2005) estimate an average dust deposition of 
14 g m−2 yr−1 (ranging from 2.5 to 35.5 g m−2 yr−1). Two more recent studies with 
more than 2-year continuous monitoring of insoluble deposition in Mallorca report 
fluxes of 5.2 and 5.8 g m−2 yr−1 in the 2010–2013 period (Vincent et al., 2016; Cerro 
et al., 2020). Also from long-term precipitation measurements (1983–1994), Avila 
et al. (1997) estimate an average dust deposition in the northeast Spanish Montseny 
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Fig. 1 Annual input of Saharan dust to Corsica from 1984 to 1996. (Adapted from Fig. 5 in Ridame 
et al. (1999))

Mountains around 5.2  g  m−2  yr−1 associated with rain events. At the same site, 
Castillo et al. (2017) measured deposition of 5.4 g m−2 yr−1 in 2002–2003 and Lequy 
et al. (2018) measured around 18 g m−2 yr−1 in 2011–2012. Several studies were also 
conducted in the southern Iberian Peninsula to document deposition: around 
23 g m−2 yr−1 near Gibraltar in 1982–1983 (Usero & Gracia, 1986), 26 g m−2 yr−1 
near Granada during the year 1992 (Díaz-Hernández et al., 2011) and 11 g m−2 yr−1 
in Lanjarón (southeastern Spain) over the 2002–2003 period (Morales-Baquero 
et al., 2006, 2013). Annual deposition fluxes in Sardinia, Corsica and the south of 
France range between 2 and 27 g m−2 yr−1 (Bergametti et al., 1989; Le Bolloch et al., 
1996; Loÿe-Pilot & Martin, 1996; Guerzoni et al., 1999; Ridame et al., 1999; Loÿe- 
Pilot et al., 2001; Guieu et al., 2010; Desboeufs et al., 2018). The study performed 
by Loÿe-Pilot and Martin (1996) in Corsica over an 11-year period illustrated 
deposition fluxes ranging from 4 to 26 g m−2 yr−1 between a dusty (mid-1980s) and 
a less dusty year (mid-1990s) (Fig. 1).

North of the Mediterranean, the chemical study of glacial archives in the Alps 
has also made it possible to estimate atmospheric contributions of desert aerosols. 
Wagenbach and Geis (1989) estimate annual desert dust fluxes of 0.4 g m−2 yr−1 
from a 50-year glacial record at the Gnifetti Pass in the Swiss Alps. The elementary 
analyses of Al concentrations performed by De Angelis and Gaudichet (1991) in a 
Mont Blanc archived sample allowed them to estimate a dust flux around 
0.7  g  m−2  yr−1 between 1955 and 1969 and an order of magnitude larger flux, 
11 g m−2 yr−1, between 1983 and 1985.

Using a network of autonomous CARAGA collectors installed in the western 
Mediterranean (Fig.  2), Vincent et  al. (2016) collected weekly total insoluble 
atmospheric deposition with a temporal recovery rate of 77–91% depending on the 
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Fig. 2 (a) CARAGA collector in Ersa, Cap Corse (photo by Rémi Losno; see Laurent et al., 2015 
for details on the sampler); (b) CARAGA deposition measurement sites with published data in the 
western Mediterranean basin: Medenine (33°30′N, 10°38′E), Lampedusa (35°31′N, 12°37′E), 
Mallorca (39°16′N, 3°03′E), Ersa (43°00′N, 9°21′E), Frioul (43°16′N, 5°17′E), Le Casset 
(44°59′N, 6°28′E)

sites for a multiannual sampling period. The annual deposition flux measured for 
the years 2012–2013 were 7.4 g m−2 yr−1 at Lampedusa; 5.8 g m−2 yr−1 in Mallorca; 
2.1 g m−2 yr−1 in Ersa, Corsica; 3.5 g m−2 yr−1 at Frioul and 0.9 g m−2 yr−1 at Le 
Casset in the southern French Alps. The annual deposition collected with a 
CARAGA in 2014 near Medenine in south Tunisia was 60 g m−2 yr−1. The values for 
the western basin and the south of France suggested that this recent period 
corresponds to a low deposition period when compared to the studies carried out 
over the previous 30 years (e.g., Loÿe-Pilot & Martin, 1996; Ridame et al., 1999; 
Desboeufs et al., 2018), while deposition of the same order of magnitude is observed 
in south Tunisia compared to previous measurements in northern Africa (e.g., 
O’Hara et al., 2006; Guieu et al., 2010; Lequy et al., 2018).

From these network measurements performed along the basin, a south–north 
decreasing gradient in the intensity of mineral dust deposition is observed over the 
western Mediterranean basin with a flux about 2–8 times lower in the northern part 
of the basin and southern France than in the southern basin (Vincent et al., 2016). 
CARAGA measurements also illustrate the northward decrease in deposition 
fluxes with much higher mass deposition at Medenine than at Lampedusa located 
about 250  km further northeast on the major pathway of African dust plumes 
exported from south Tunisia. From measurements between about mid-2011 and 
late 2012, Lequy et al. (2018) also pointed out the relative decrease in Saharan 
event contribution to the deposition from northern Algeria to northeastern Spain 
and France.
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The compilation of these studies illustrates the large variability in dust deposi-
tion in the Mediterranean basin itself, both spatially and between years with ranges 
spanning over more than one order of magnitude, from 2 to more than 27 g m−2 yr−1 
in the western basin and from 4 to about 100 g m−2 yr−1 in the eastern basin.

4  Daily, Seasonal and Annual Variability of Dust Deposition

The pulsed and sporadic behaviour of mineral dust emissions from various arid and 
semi-arid source areas, the aerosol dispersion during atmospheric transport and the 
rainfall pattern induce a high spatial and temporal variability in dust deposition. 
Loÿe-Pilot and Martin (1996) related the inter-annual deposition variability over 
their 1984–1994 sampling period in Corsica to the occurrence of “high” dust 
deposition events with fluxes >1 g m−2. During 1 year of deposition measurements 
in Corsica from 1985 to 1986, Bergametti et al. (1989) observed that a single dust 
event of 3 days occurring in March 1986 contributed to more than a third of the 
1986 annual mass deposition flux. Ternon et al. (2010) further measured an extreme 
event at 22 g m−2 at Cap Ferrat in February 2004 which represents more than 90% 
of the annual deposition flux. From the CARAGA measurements, almost 100 
intense deposition events attributed to Saharan dust occurred over the period 
2011–2013: 34  in Lampedusa and 20  in Mallorca (Fig.  3), 11  in Corsica, 18  in 
Frioul and 15 in Le Casset. These samples only correspond to 12–35% of the total 
number of samples collected at each station but represent between 50% and 85% of 
the total mass deposition flux (Vincent et al., 2016). These studies illustrate the need 
to conduct long-term continuous studies accounting for the deposition event vari-
ability in order to estimate the annual dust deposition mass.

Fig. 3 Weekly insoluble mineral deposition (bars in orange) and precipitation (blue line) in 
Lampedusa and Mallorca between January 2011 and December 2013. The grey areas correspond 
to periods without sampling. The most intense dust deposition events are indicated by the black 
dashes: 34 in Lampedusa and 20 in Mallorca. (Adapted from Fig. 3 in Vincent et al., 2016)
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Vincent et al. (2016) also pointed out the existence of spatial and temporal vari-
ability within the western Mediterranean basin itself during periods of intense depo-
sition. Although 82% of intense deposition events were collected when at least 4 of 
the 5 network sites were in operation, 77% of cases of intense deposition were 
recorded at a single site. From the interpretation of these deposition measurements, 
air mass trajectories and satellite observations of the north of Africa and the 
Mediterranean, seven zones of origin of these high dust deposition events have been 
defined (see Laurent & Bergametti, 2022). For instance, the deposition events in the 
north and west of the western basin mainly come from western Saharan sources, 
while those in the southeast of the western basin are linked to Tunisian and Libyan 
sources. It is therefore generally not the same events that contribute the most to 
Saharan dust deposition in the different parts of the western basin (Vincent 
et al., 2016).

Regarding the seasonality of deposition in the eastern Mediterranean, from 39 
rains collected on the northern side of Crete between November 1995 and January 
1997, Ezat et al. (1997) reported 5 high deposition events (>0.5 g m−2) representing 
68% of the total wet dust deposition flux measured. They all occurred in late winter 
(1) and spring (4). The analyses of aerosol samples and wet deposition measurements 
between August 1991 and December 1992 at Erdemli, on the Turkish coast of the 
eastern Mediterranean, have also shown a marked seasonal cycle with higher dust 
concentration and deposition during spring (maximum) and autumn (secondary 
maximum) and lower ones in winter (Fig. 4; Kubilay et al., 2000). About 30% of the 

Fig. 4 Temporal variation of the dust flux, atmospheric dust concentration and the precipitation at 
Erdemli in 1992. (Reprinted from Fig. 3 in Kubilay et al., 2000)
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annual deposition for 1992 occurred during two Saharan dust episodes in May. 
Although the mean dust concentration in summer was about two times higher than 
in winter, the amount of dust deposited within these two seasons was comparable in 
1992. The higher winter deposition rate is attributable to the fact that in 1992, 70% 
of the annual rainfall occurred in the winter months, whereas only 5% occurred in 
the summer months. Kubilay et al. (2000) pointed out that high dust deposition rates 
require the co-existence of dust and rain, which is achieved in the transitional season 
at Erdemli. They report relative percentages of the wet and dry deposition to the 
annual deposition of 44 and 56%, respectively. These authors also show that the dry 
deposition flux was dominant on a seasonal basis: in the dry summer season of 
1992, only 7% of the total deposition was estimated to be due to wet deposition and 
the remaining 93% to dry deposition (Kubilay et al., 2000).

In the western Mediterranean, the seasonality of dust deposition has been 
observed at various locations. The long-term measurements in Corsica showed 
maximum frequency and magnitude of the events in spring and autumn and 
minimum in winter but with a high variability (Loÿe-Pilot & Martin, 1996). For 
instance, these authors pointed out the high average and standard deviation values 
in December due to a deposition event of high magnitude in December 1987. Avila 
et al. (1997) also showed that the occurrence of red rain episodes at the Montseny 
site in northeastern Spain between 1983 and 1994 were higher in autumn and spring. 
Combining time series of chemistry of wet deposition in Montseny and daily levels 
of suspended particulate matter measured in the eastern Iberian Peninsula for the 
period 1996–2002, Escudero et  al. (2005) pointed out that wet dust deposition 
events showed a relatively higher monthly frequency in May. They analyzed its 
seasonality and the meteorological configurations responsible of the main dust 
transport routes to northwestern Mediterranean. Ternon et al. (2010) observed high 
deposition in spring and summer with a maximum in June and a very high variability 
from their measurements performed in the Ligurian area between 2003 and 2007. 
Vincent et al. (2016) indicated that larger deposition is generally observed at their 
sites in the western Mediterranean between March and June with a second peak in 
autumn. Based on model simulations, Gallisai et al. (2016) studied large and very 
large Saharan dust deposition events between 2000 and 2007 to discuss their impact 
on the dynamics of marine phytoplankton in the Mediterranean Sea. They concluded 
that these events showed a high spatial, seasonal and inter-annual variability but 
with patterns of increased frequency in autumn and winter. The variability of 
deposition is also related to precipitation, since studies in the western basin suggest 
that wet deposition represents at least 65–75% of the total dust deposition 
(Bergametti et al., 1989; Guerzoni et al., 1995; Loÿe-Pilot & Martin, 1996). From 
the interpretation of deposition measurements, precipitation and trajectories of the 
dust-loaded air masses, Vincent et  al. (2016) concluded that the deposition in 
southern France and Corsica sites is dominated by wet deposition, from 60% to 
80% of the total mass deposition. At southern sites of Lampedusa and Mallorca, wet 
deposition contributes around 50% and 40% to the total deposition mass, 
respectively. The highest deposition sample in Lampedusa (2.7 g m−2 wk–1; 20% of 
the total deposition flux) corresponds to a single wet deposition event, when the 
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second highest deposition sample (2.1 g m−2 wk−1; 16% of the total annual deposition 
flux) corresponds to two successive dry deposition events in the same sampling 
week (Vincent et al., 2016). Cerro et al. (2020) also report a strong seasonality of 
the wet to dry contribution to both soluble and insoluble total deposition in Mallorca, 
driven by the precipitation cycle and the occurrence of African or stagnant air 
masses associated with increased dry deposition of dust during the dry season (from 
late spring to most of fall).

In order to document the spatiotemporal variability of the dust atmospheric con-
tent and deposition flux along the North African coast of the Mediterranean Sea, 
Bibi et  al. (2019) used the MERRA-2 (Modern-Era Retrospective Analysis for 
Research and Applications V.2) monthly reanalysis data of the 1980–2018 period 
available from NASA (https://disc.gsfc.nasa.gov/datasets). The MERRA-2 of the 
Global Modelling and Assimilation Office (GMAO) is an up-to-date reanalysis for 
the satellite era (1980 onwards). Details on the aerosol module prognostic model are 
given in Gelaro et al. (2017) and Randles et al. (2017) and are based on the Goddard 
Earth Observing System Version 5 (GEOS-5) with the Goddard Chemistry Aerosol 
Radiation and Transport (GOCART) model. Surface PM concentrations and aerosol 
optical depth from the AErosol RObotic NETwork (AERONET) and satellite 
observations are currently used to validate dust transport model simulations (e.g., 
Basart et al., 2012; Wang et al., 2014; Huneeus et al., 2016). Deposition measurements 
were also used, for instance, to evaluate model simulations of transfers of 
atmospheric chemical elements to the Mediterranean surface waters (e.g., Richon 
et al., 2018) even if additional measurements are still needed to better constrain the 
mass budget in dust models (e.g., Mahowald et al., 2005; Bergametti & Forêt, 2014). 
Bibi et  al. (2019) have extracted the dust optical depth (AODdust), surface 
concentrations (Cdust), precipitations (Prcp) and deposition fluxes (Fdry, Fwet and Ftot) 
of 14 areas (7 coastal and 7 offshore) from the Strait of Gibraltar in the west to 
Egypt and Cyprus in the east of the basin (Fig. 5).

Over the 1980–2018 period, averaged Ftot ranges from 2.9 to 7.6 g m−2 yr−1 for 
the seven African coastal areas and from 3.1 to 5.8 g m−2 yr−1 for the seven offshore 
areas (Bibi et al., 2019). Even if these values are comparable to deposition measured 
in the western Mediterranean by Vincent et al. (2016) at Lampedusa, Mallorca and 
Corsica in 2011–2013 and by Cerro et al. (2020) at Mallorca in 2010–2012, much 
larger deposition fluxes have been reported in the 1980s. No significant increasing 
or decreasing trend of Ftot is observed over the 39 years of MERRA2 data. However, 
at decadal time scales, an increase of Ftot from 1990 to about 2004 and a decrease 
from 2004 to 2018 are observable in the CW-Tun and OW-SarE areas. Superposed 
to these slow trends, an important inter-annual variability of the deposition is noted 
by Bibi et al. (2019). Because of the spatial variability of precipitation, the largest 
deposition fluxes do not necessarily coincide with the regions of the largest 
atmospheric dust content. Along the coast of the eastern basin, the low precipitation 
(from 6.1 to 10.5 mm month−1 on average) explains that dry deposition accounts for 
a significant proportion (45–53%) of the total deposition. Everywhere else, wet 
deposition dominates and particularly in the marine areas where it represents at 
least 85% of the total deposition in agreement with observations (Bibi et al., 2019).
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Fig. 5 MERRA-2 average total monthly deposition fluxes of mineral dust in g m−2 month−1 during 
the 1980–2018 period for the North Africa and Mediterranean Sea region. The 14 studied areas: 1 
CW-Mor, 2 OW-Bal, 3 CW-Alg, 4 OW-SarW, 5 OW-SarE, 6 CW-Tun, 7 CE-Tun, 8 OE-Mal, 9 
CE-Lib, 10 OE-Lib, 11 OE-Cre, 12 CE-EgyW, 13 CE-EgyE, 14 OE-Cyp. (Adapted from Fig. 7 
in Bibi et al. (2019))

As mentioned, the variability in dust mass deposition on daily, annual and inter- 
annual scales in the Mediterranean can be caused by different factors from the dust 
emission sources to air masses circulation and precipitation changes. The recent low 
deposition fluxes measured in the western Mediterranean (Vincent et  al., 2016; 
Desboeufs et al., 2018) seem concomitant with a decrease in PM10 concentrations 
(Pey et al., 2013). This could be linked to large-scale atmospheric circulation, such 
as lower North Atlantic Oscillation indices during the last two decades, affecting 
dust atmospheric contents (Pey et  al., 2013), and/or be related to a lower dust 
activity period in the Sahara as proposed by Evan et al. (2016) from wind variability 
patterns. However, climate change simulations indicate a dryer and warmer climate 
in the Mediterranean basin (e.g., Hertig & Jacobeit, 2008), a situation that could 
enhance dust emissions and transport (Moulin et  al., 2006), as well as intense 
precipitation events (Beaulant et  al., 2011). On the other hand, from MERRA-2 
global model outputs over the 1980–2018 period, no clear tendency of a decrease in 
atmospheric dust concentration and total deposition fluxes can be identified in the 
southern part of the basin (Bibi et  al., 2019). Neither do satellite data show a 
decrease in dust optical depth between the 1980–1990s and recent years (Mallet 
et al., 2022) compatible with an order of magnitude decrease in deposition fluxes. 
One hypothesis is that the drying of the Mediterranean basin due to climate change 
might induce less wet deposition over the basin and longer northward and 
northeastward transport of the dust before being scavenged.
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5  Conclusion

Even though aerosol deposition sampling is difficult to perform, the Mediterranean 
is one of the most documented regions worldwide regarding deposition fluxes. 
Since the 1960s, sampling has been carried out at various places and using various 
devices to investigate soluble, insoluble or bulk deposition, up to an unprecedented 
effort conducted in the framework of ChArMEx to operate a network of several 
stations in the western Mediterranean and measure weekly deposition fluxes over 
several years. This ensemble of measurements performed for different purposes 
provide a quite complete and realistic picture of the dust deposition in the 
Mediterranean basin. Mineral dust, which controls annual to short-term aerosol 
mass deposition fluxes in this region, was specifically studied. The high variability 
in dust deposition in the Mediterranean, which is linked to nonlinear emission and 
deposition processes, challenges the study of past and future trends in mass 
deposition in the Mediterranean under climate change and anthropogenic pressure 
on land. Direct dust deposition measurements indicate a recent strong decrease in 
the deposition, for example, in the northwestern Mediterranean, whereas long-term 
simulations point out an important inter-annual variability of dust deposition. A 
trend towards more stability is found in the southern part of the basin. This illustrates 
the need to pursue a combined monitoring of both atmospheric dust load and 
deposition and to better integrate direct observations and model simulations to 
document a possible evolution in this Mediterranean region subject to climate 
change and anthropogenic pressure. Moreover, the estimation of the relative 
contribution of the different aerosol particles to the total mass deposition in the 
Mediterranean requires joint studies of air mass trajectories and chemical 
composition of the deposition. Finally, deposition fluxes can provide an improved 
constraint to the dust transport models than the current validation by only surface 
PM concentrations and aerosol optical depth. This will allow a more accurate 
computing of the atmospheric desert dust mass budgets and associated transfers of 
chemical elements from arid areas to the marine and terrestrial ecosystems of the 
Mediterranean basin.
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Abstract Atmospheric  deposition of major nutrients such as nitrogen (N)  and 
phosphorus (P) is of primary importance for the oligotrophic Mediterranean Sea, 
since atmospheric inputs are of the same order of magnitude or even larger than the 
riverine inputs. This chapter reviews recently published results on measured nutrient 
fluxes within the Mediterranean, the identification of their sources and the recent 
trends in comparison to historical data. Nutrients fluxes show a decreasing  trend 
especially  for N, probably associated with air pollution mitigation  policies. The 
recent studies addressing the speciation between organic/inorganic and dissolved/
particulate forms show that organic forms are critical for N and P fluxes. The chapter 
concludes on the prediction of atmospheric fluxes in a context of climate changes 
and N-containing pollutant emission control.
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1  Introduction

Deposition of nutrients is of primary importance for the Mediterranean region, since 
atmospheric inputs are of the same order of magnitude or larger than the riverine 
inputs (Koçak et al., 2010; Christodoulaki et al., 2013; Moon et al., 2016; Djaoudi 
et  al., 2018) and hence of primary importance for the marine ecosystem in this 
region. Owing to the reduced dimension of the Mediterranean oceanic basin 
(2.51 × 106 km2) and to numerous and intense land-based emission sources, open 
waters receive significant loads from atmospheric deposition, in particular noticeable 
pulsed inputs of Saharan dust, as well as anthropogenic aerosols and seasonal 
biomass burning inputs. The existence of marked dry and wet Mediterranean 
seasons, the occurrence of sporadic and intense events (dust event, fires…) and the 
important dichotomy of aerosols sources between the North and the South of the 
basin induce a large space-time variability in deposition fluxes both in terms of 
intensity and chemical composition.

It has been shown that atmospheric deposition of inorganic nitrogen (Loÿe-Pilot 
et  al., 1990; Kouvarakis et  al., 2001) and phosphorus (Bergametti et  al., 1992; 
Ridame & Guieu, 2002; Markaki et  al., 2003; Bartoli et  al., 2005) represents 
significant inputs to support the primary production in surface waters. In addition to 
new production, it has been shown that leachable nutrients from atmospheric inputs 
may enhance N2 fixation, changes in phytoplankton species composition and carbon 
sequestration (e.g., Bressac et al., 2014; Guieu et al., 2014; Rahav et al., 2016).

Deposition of inorganic nutrients were surveyed on a long-term basis in Corsica 
(Loÿe-Pilot & Morelli, 1988; Loÿe-Pilot et  al., 1990, 2005; Guieu et  al., 2010; 
Desboeufs et al., 2018), in northeastern Spain (Avila, 1996; Avila & Rodà, 2002; 
Àvila & Rodà, 2012; Izquierdo et al., 2012; Izquieta-Rojano et al., 2016; Lequy 
et al., 2018), in Crete (Kouvarakis et al., 2001; Markaki et al., 2003; Mara et al., 
2009; Violaki et al., 2010, 2018) and in southeastern Turkey (Özsoy, 2003; Mace 
et al., 2003; Markaki et al., 2003; Koçak et al., 2010; Nehir & Koçak, 2018). For 
shorter time periods, measurements are also available at the Israeli coast (Herut 
et  al., 1999, 2002), in Sardinia (Guerzoni et  al., 1993; Le Bolloch & Guerzoni, 
1995) and more recently in south and east of Spain (Morales-Baquero et al., 2013; 
Morales-Baquero & Pérez-Martínez, 2016; Cerro et al., 2020). The data are mainly 
focused on the countries in the northern part of Mediterranean. Only limited 
information on short periods or for one site are available for the southern part of the 
Mediterranean (Markaki et al., 2010; Lequy et al., 2018; Ounissi et al., 2018). One 
of the main problems in assessing the atmospheric deposition to the Mediterranean 
region is due to the difficulty in intercomparing the existing measurements. Indeed, 
the various studies that have been performed occurred at different periods and places 
and used different methodologies. Assessing the atmospheric deposition of one 
substance and its spatial variations with the available data is then challenging. The 
results from the ADIOS network are the only data obtained for nutrients over the 
same 12-month period at nine different sites throughout the Mediterranean basin 
(Guieu et al., 2010; Markaki et al., 2010). Quantification of spatial and temporal 
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trends in nutrient deposition was also investigated by modelling approaches in order 
to estimate the nutrient concentrations and their impacts in the Mediterranean Sea 
(Im et al., 2013; Christodoulaki et al., 2016; Lazzari et al., 2016; Moon et al., 2016; 
Richon et al., 2018a, b). In the following, we tentatively review existing observations 
of the deposition fluxes of the two major limiting nutrients, nitrogen and phosphorus, 
obtained in the Mediterranean region.

The available data sets are limited and heterogeneous, both for nitrogen (Table 1) 
and for phosphorus (Table  2). In order to compare with the oceanic biological 
demand, the deposition of nutrients is generally expressed in mmol m−2  yr−1. 
Available data concern mainly the total/dissolved or inorganic/organic forms of 
nutrients.

2  Nitrogen Fluxes

Atmospheric deposition of N is issued from the scavenging by wet or dry deposition 
of all the atmospheric nitrogen forms. Most estimations of atmospheric N deposition 
mainly consider the inorganic soluble forms of N (ammonium (NH4

+) and nitrate 
(NO3

−) ions), gathering under the term dissolved inorganic nitrogen (DIN). The 
nitrite (NO2

−) is also included in the DIN, but it is usually negligible (Herut et al., 
1999). The DIN is known to be bioavailable by aquatic organisms. However, recent 
works emphasized that particulate or organic forms of N can be also assimilated by 
many organisms (Sipler & Bronk, 2015). The anthropogenic sources and deposition 
patterns of inorganic nitrogen are well understood, i.e., gaseous species NOy (sum 
of HNO3, NO, NO2) and ammonia (NH3) and secondary inorganic aerosols 
((NH4)2SO4, NH4HSO4) and particulate NO3

−. It is known that nitrate was mainly 
associated with coarse particles in Mediterranean atmosphere, due to the reactivity 
of nitric acid on sea salt or desert dust (e.g., Bardouki et al., 2003). On the contrary, 
ammonium is mainly associated with the fine mode of particles. In general, the wet 
deposition of inorganic nitrogen, as ammonium (NH4

+) and nitrate (NO3
−) ions in 

precipitation, is measured. Deposition measurements on collector surfaces 
underestimate deposition for gaseous compounds, and for submicron particles, total 
inorganic nitrogen deposition fluxes are obtained either by bulk sampling or by 
summing the wet and the dry deposition (total deposition). Thus, the additional dry 
deposition of nitrogen-containing gases and particles is rarely included in the 
deposition estimate, due to the difficulty of measurement. Yet, dry deposition of the 
gaseous phase of DIN could be comparable to, or even greater than, dry deposition 
of the particulate phase (Kouvarakis et al., 2001; Àvila & Rodà, 2012). For instance, 
when the gaseous forms are considered, the total inorganic nitrogen deposition flux 
of ~86 μmol m−2 d−1 in Crete (Markaki et al., 2003) increases to 105 μmol m−2 d−1 
(Kouvarakis et al., 2001).

Organic nitrogen is a ubiquitous, yet still poorly characterized, component of 
atmospheric precipitation (Violaki & Mihalopoulos, 2010). Like the inorganic 
nitrogen ions, organic nitrogen may be incorporated in rainwater by direct dissolution 
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Table 1 Annual deposition fluxes of nitrogen reported for the Mediterranean basin (mmol m−2 yr−1)

Location
Type of 
deposition Period

TDN 
fluxes

DIN 
fluxes

DIN 
wet/
total

DON 
fluxes

DON

TDN References

Israel (Tel 
Shikmona)

Wet 1992–1998 34.3 Herut et al. 
(1999)

Wet + dry 1996–1998 88.3 39% Herut et al. 
(2002)

Turkey 
(Erdemli)

Wet 1996–1997 16.4 Özsoy (2003)
Wet + dry 1999 60.1 Markaki 

et al. (2003)
1999–2007 88.0 51% Koçak et al. 

(2010)
2014–2015 57.8 37.3 63% 20.5 29% 

(wet)
46% 
(dry)

Nehir and 
Koçak (2018)

Turkey 
(Akkuyu)

Bulk 2001–2002 30.6 Markaki 
et al. (2010)

Crete Isl. 
(Finokalia)

Wet + dry 1996–1999 38.4 Kouvarakis 
et al. (2001)

1999 38.3 63% Markaki 
et al. (2003)

1999–2005 60.8 Theodosi 
et al. (2019)

2003–2006 66.2 44.0 32% 22.2 Violaki et al. 
(2010)

Bulk 2001–2002 39.3 Markaki 
et al. (2010)Malta Isl. 

(Gozo)
Bulk 2002–2003 46.1

Mahdia 
(Tunisia)

Bulk 2001–2002 18.1

Corsica Isl. 
(Bavella)

Bulk 1984–1986 52.2 Loÿe-Pilot 
et al. (1990)

Corsica Isl. 
(Ostriconi)

Bulk 2001–2002 25.4 Markaki 
et al. (2010)

Corsica Isl. 
(Cap 
Cuittone)

Bulk 2009–2011 10.2 84% Desboeufs 
et al. (2018)

Sardinia Isl. 
(Capo 
Carbonara)

Wet + dry 1991–1994 17.2 Guerzoni 
et al. (1995)

France (Cap 
Ferrat)

Dry 2004–2005 60.2 43.1 17.2 28% Sandroni 
et al. (2007)

France 
(Frioul Isl.)

Bulk 2015–2016 40.0 23.6 16.4 41% Djaoudi et al. 
(2018)

France (Cap 
Bear)

Bulk 2001–2002 45.9 Markaki 
et al. (2010)

(continued)

K. Desboeufs



331

Table 1 (continued)

Location
Type of 
deposition Period

TDN 
fluxes

DIN 
fluxes

DIN 
wet/
total

DON 
fluxes

DON

TDN References

Spain 
(Montseny)

Bulk 1983–2000 40.2 Avila and 
Rodà (2002)19,832,009 42.0

2012–2013 65.9 43.7 22.2 34% Izquieta- 
Rojano et al. 
(2016)

Spain 
(Sierra 
Nevada)

Wet + dry 2000–2002 42.0 Morales- 
Baquero 
et al. (2013)

2004–2005 24.4 Morales- 
Baquero and 
Pérez- 
Martínez 
(2016)

Algeria 
(Annaba)

Wet 2014 17.8 14.4 3.43 19% Ounissi et al. 
(2018)

Average (for bulk and total) 46.9
±18.8

40.7
±20.5

17.0 ± 7.9

Averages are calculated from bulk and total deposition data for total dissolved, dissolved inorganic 
and dissolved organic nitrogen (TDN, DIN and DON, respectively)

of gaseous species or by scavenging of atmospheric N-organic containing aerosols. 
The majority of studies focused only on the dissolved organic nitrogen (DON or 
WSON (water-soluble organic nitrogen)) (Mace et al., 2003; Violaki & Mihalopoulos, 
2010; Violaki et al., 2010, 2015; Izquieta-Rojano et al., 2016; Nehir & Koçak, 2018; 
Djaoudi et al., 2018). DON is usually estimated from the difference between the 
total dissolved N (TDN) content of precipitation and the inorganic N (DIN), a 
process which can lead to large uncertainties. Some data are also available on the 
speciation of N-organic compounds, such as urea, amines or free amino acids 
(mainly glycine), but these generally only contribute a small proportion of the 
organic N fraction (Mace et al., 2003; Violaki & Mihalopoulos, 2010). Available 
data indicate a variety of sources of organic nitrogen, both of natural and 
anthropogenic origin, such as fossil fuel and biomass burning (Violaki & 
Mihalopoulos, 2010) and agricultural activities, notably by resuspension of 
cultivated soil (Nehir & Koçak, 2018) or pollutants generated in metropolitan areas 
(Izquieta-Rojano et al., 2016). Indeed, the aerosol-associated DON concentrations 
obtained in Mediterranean are usually higher than the ones found in the open ocean 
(Amsterdam Island, Barbados, Pacific Ocean, etc.) due to the anthropogenic 
influence in comparison to marine emissions (Nehir & Koçak, 2018). Since the 
Mediterranean Sea is heavily impacted by mineral dust deposition originating from 
Sahara and Middle East deserts, the potential origin of DON from dust deposition 
was studied (generally via the relation between DON and no-sea-salt-Ca2+ fluxes). 
Several observations support desert dust as a main source of DON, both in the 
western and eastern Mediterranean, notably during spring (Mace et  al., 2003; 
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Table 2 Annual deposition fluxes of phosphorus (total phosphorus (TP) including particulate 
(TPP) and dissolved (TDP), total inorganic phosphorus (TIP) and dissolved organic (DOP) and 
inorganic (DIP) phosphorus) reported for the Mediterranean basin (mmol m−2 yr−1), adapted and 
completed after Violaki et  al. (2018). The period is indicative given that years are not always 
complete (e.g., the observation period of Guieu et  al. (2010) is 12  months from June 2001 to 
May 2002)

Location Period Wet Dry Total

Wet

Total References

TP
Spain (Sierra Nevada) 2000–2001 0.37 0.22 0.58 63% Morales-Baquero et al. 

(2013)
2000 0.15
2001–2002 0.14 0.37 0.51 28% Morales-Baquero et al. 

(2006)
2004–2005 0.42 0.26 0.68 61% Morales-Baquero and 

Pérez-Martínez (2016)
France (Cap Ferrat) 1997–1998 0.16 Migon and Sandroni 

(1999)
NW Corsica Isl., 
France (Capo Cavallo)

1986–1987 1.29 Bergametti et al. (1992)

W Corsica Isl., France 
(Cap Cuittone)

2008–2011 4.81 49% Desboeufs et al. (2018)

Crete Isl., Greece 
(Finokalia)

2012–2013 1.05 1.03 2.07 50% Violaki et al. (2018)

Morocco (Cap Spartel) 2001–2002 1.07 Guieu et al. (2010)
France (Cap Béar) 1.20
Corsica Isl., France 
(Ostriconi)

1.36

Tunisia (Mahdia) 1.52
Crete Isl., Greece 
(Finokalia)

0.42

Lebos Isl., Greece 
(Mytilene)

0.52

Turkey (Akkuyu) 1.07
Cyprus Isl. (Cavo 
Greco)

0.61

Egypt (Alexandria) 1.23
TPP
Spain (Montseny, NE) 2002–2003 0.29 0.29 0.58 50% Izquierdo et al. (2012)
Spain (Can Llompart, 
Mallorca Isl.)

2010–2012 0.15 0.45 0.60 25% Cerro et al. (2020)

France (Cap Ferrat) 1997–1998 0.07 Migon and Sandroni 
(1999)

Crete Isl. (Finokalia) 2012–2013 0.23 0.34a 0.57a Violaki et al. (2018)
TDP

(continued)
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Table 2 (continued)

Location Period Wet Dry Total

Wet

Total References

France (Cap Ferrat) 1997–1998 0.10 Migon and Sandroni 
(1999)

France (Frioul Isl.) 2015–2016 0.39 Djaoudi et al. (2018)
France (Cap Béar) 2005–2011 2.16 Violaki et al. (2018)
Crete Isl. (Finokalia) 2012 0.81 0.69a 1.6 51% Violaki et al. (2018)
TIP
France (Cap Béar) 2005–2011 1.22 Violaki et al. (2018)
Crete Isl. (Finokalia) 2012–2013 0.21 0.39a 0.6 35% Violaki et al. (2018)
Israel (Tel Shikmona) 1995–1998 0.29 1.0 1.29 22% Herut et al. (2002)
DOP
France (Frioul Isl.) 2015–2016 0.07 Djaoudi et al. (2018)
France (Cap Béar) 2005–2011 0.94 Violaki et al. (2018)
Crete Isl. (Finokalia) 2012–2013 0.7 0.46a 1.16 60% Violaki et al. (2018)
DIP or PO4

3−

Annaba, Algeria 2014 0.88 Ounissi et al. (2018)
Sierra Nevada, Spainb 2000–2001 0.15 0.04 0.18 80% Morales-Baquero et al. 

(2013)
France (Cap Béar) 2001–2002 0.62 Markaki et al. (2010)

2005–2011 0.48 Violaki et al. (2018)
France (Cap Ferrat) 1997–1998 0.16 Migon and Sandroni 

(1999)
2010–
2011−2013

0.11 0.63 0.74 15% Pasqueron de 
Fommervault et al. 
(2015)

Corsica Isl. (Ostriconi) 2001–2003 0.45 Markaki et al. (2010)
Crete Isl. (Finokalia) 1999–2000 0.07 0.13 0.19 37% Markaki et al. (2003)

2001–2003 0.076c 0.124c 0.29 38% Markaki et al. (2010)
2012 0.03 0.13a 0.16 19% Violaki et al. (2018)
2013 0.09 0.03a 0.12 75%

Erdemli (Turkey) 1996–1997 0.31 Özsoy (2003)
1999 0.17 Markaki et al. (2003)
1999–2007 0.34 0.22 0.56 61% Koçak et al. (2010)

aMeasured only for dry periods
bAs soluble reactive phosphorus (SRP)
cOnly for 2001–2002

Violaki et al., 2010; Pulido-Villena et al., 2008; Nehir & Koçak, 2018). Organic 
nitrogen might either be due to (a) mineral-dust-borne microorganisms and/or (b) 
interaction (e.g., adsorption or acid-based reaction) between mineral dust and 
organic nitrogen compounds (Mace et al., 2003; Rahav et al., 2016; Nehir & Koçak, 
2018). However, these observations contrast with Djaoudi et al. (2018) who reported 
the atmospheric fluxes of DON, soluble organic carbon and phosphorus are minimal 
during Saharan rain events. Maximum values occurred when a combination of 
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anthropogenic influence and heavy precipitation occurred. The rain effect is also 
proposed by Morales-Baquero and Pérez-Martínez (2016), who observed a low 
contribution of dust deposition to N inputs during the weeks without rain. Izquieta- 
Rojano et al. (2016) found no clear correlation with DON and nss-Ca2+ in mountain 
sites, whereas a positive correlation was observed for a site near Barcelona, 
suggesting influence of dust deposition could be due to the altitude of transport of 
Saharan air masses. Finally, the contribution of each source (anthropogenic and 
natural) defines the distribution of DON between coarse and fine fractions. A recent 
study in the eastern Mediterranean reports that DON is mainly associated, at 66%, 
with the coarse fraction of aerosols on Turkish coasts (Nehir & Koçak, 2018), while 
only 32% of WSON was attributed to this fraction in Crete (Violaki & 
Mihalopoulos, 2010).

Annual deposition of total dissolved N (TDN) in remote sites varies from 22 to 
72 mmol m−2 yr−1, the highest values being obtained close to or under anthropogenic 
influence (Table 1). It is also probably the case for the high values observed in Cap 
Ferrat and Finokalia (Sandroni et al., 2007; Theodosi et al., 2019), in agreement 
with modelling studies which show a spatial distribution of N deposition fluxes 
reflecting emission distribution, with higher deposition over the coastal regions (Im 
et  al., 2013; Richon et  al., 2018a). Thus, inter-seasonal spatial variability of this 
deposition is low, most of the mass being deposited in the northern part of the basin 
(Richon et al., 2018a). The average TDN flux is 51.0 ± 15.9 mmol m−2 yr−1, for the 
whole Mediterranean, including all the available measurements between 1990 and 
2011. DIN is generally the major contributor of the N-fluxes ranging from 10 to 
54 mmol m−2 yr−1, whereas DON is typically around 20 mmol m−2 yr−1, representing 
between 12% and 80% of total fluxes depending on the study area, and around 30% 
on average (Table 1). The low values of DIN flux in Corsica (10.2 mmol m−2 yr−1; 
Desboeufs et al., 2018) and in Sardinia (17.1 mmol m−2 yr−1; Guerzoni et al., 1995) 
could be due to a very low estimation of dry gaseous deposition. However, Desboeufs 
et al. (2018) hypothesized that the low value obtained recently in the coast of Corsica 
might be connected to the European decrease of N deposition owing to mitigation. 
This assumption agrees with the decreasing trend observed on DIN fluxes in the 
Eastern Mediterranean (e.g., by 45% in Erdemli between 2000 and 2015; Nehir & 
Koçak, 2018). More generally, since the 1990s, a constant decline of the atmospheric 
deposition fluxes of DIN over the whole Mediterranean has been observed in 
modelling approaches (Moon et al., 2016; Christodoulaki et al., 2016) in agreement 
with the decreasing trend in pollutant nitrogen emissions in Europe (Theobald 
et al., 2019).

NO3
− fluxes typically dominate the DIN fluxes (e.g., Violaki & Mihalopoulos, 

2010). An explanation for the highest fluxes of NO3
− in comparison to NH4

+ is the 
importance of dry deposition together with the presence of NO3

− mainly in the 
coarse mode of particles (Herut et al., 2001; Violaki et al., 2010). In the eastern 
Mediterranean, the atmospheric fluxes of DON and NO3

− are of the same order of 
magnitude (around 10 mmol m−2 yr−1) and independent of the pathway of deposition. 
The highest fluxes of NH4

+ (14  mmol  m−2  yr−1) are mainly associated with wet 
deposition, which represents 92% of total flux (Nehir & Koçak, 2018). This trend is 
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also observed in the western Mediterranean basin in remote environments, with 
comparable fluxes of NO3

− and DON and lower fluxes of NH4
+ (Izquieta-Rojano 

et al., 2016). Wet TN and NO3
− deposition dominates the total fluxes in southern 

Spain, but it could be due to an underestimation of dry deposition of gaseous N 
species by dry collectors (Morales-Baquero et al., 2013; Morales-Baquero & Pérez- 
Martínez, 2016). Wet scavenging also appears to be the main deposition pathway in 
Corsica as suggested by the observed increase in the annual DIN flux with the 
annual rainfall at a given site (Loÿe-Pilot et al., 1990; Desboeufs et al., 2018). Wet 
deposition is also reported to strongly dominate (79%) the NO3

− deposition flux in 
Mallorca, which is mainly associated with air masses of European origin or stagnant 
over the basin (Cerro et al., 2020). In the eastern basin, the situation is contrasted: 
in Turkey, the wet DIN deposition is dominant on the total deposition of inorganic 
nitrogen species (Markaki et al., 2003; Nehir & Koçak, 2018). On the Israeli coast 
and in Crete, dry deposition predominates and wet deposition represents less than 
40% of the total deposition of particulate nitrogen species, except in winter (Herut 
et al., 2002; Markaki et al., 2003; Violaki et al., 2010). Over the East Mediterranean, 
wet deposition fluxes of TN are less than half the dry deposition with maxima in 
winter and minima in summer (Im et al., 2013), due to the rainfall regime in this 
area. At the scale of Mediterranean, observations (Kouvarakis et al., 2001; Violaki 
et al., 2010; Desboeufs et al., 2018) and models (Im et al., 2013; Richon et al., 2017) 
show that the dry deposition of DIN has higher values during summer and lower 
values during winter, whereas a maximum of wet deposition of DIN is observed 
in winter.

3  Phosphorus Fluxes

As for nitrogen, deposited atmospheric phosphorus is measured in both dissolved 
and particulate pools and in organic and inorganic forms. Traditional terms for P 
chemical forms include total phosphorus (TP), in both dissolved (TDP) and 
particulate fractions (TPP), TIP (total inorganic phosphorus) or also TRP (total 
reactive inorganic phosphorus), DIP (dissolved inorganic phosphorus), also 
referenced as phosphate (PO4

3−) or SRP (soluble reactive phosphorus) according to 
the used analytical methods, TOP (total organic phosphorus) and DOP (dissolved 
organic phosphorus). TRP and SRP correspond to the analysis of phosphorus using 
the molybdenum blue colorimetric method in unfiltered and filtered samples, 
respectively. Inorganic phosphorus or phosphate is obtained either by ion 
chromatography or by stannous chloride colorimetry method. Organically bound 
phosphorus is generally estimated in soluble (DOP) and total matter (TOP) by 
subtracting TIP from TDP and TP, respectively. Those notably include nucleic 
acids, phospholipids, organo-phosphate pesticides, phosphoamines and organic 
phosphates condensed on particle-associated forms (Karl & Björkman, 2015). 
Inorganic P species are considered as the bioavailable P forms, and they have been 
mainly measured in atmospheric deposition over Mediterranean (Bergametti et al., 
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1992; Herut et  al., 1999, 2002; Migon & Sandroni, 1999; Markaki et  al., 2003, 
2010; Özsoy, 2003; Morales-Baquero et  al., 2006, 2013; Izquierdo et  al., 2012; 
Pasqueron de Fommervault et al., 2015; Desboeufs et al., 2018; Violaki et al., 2018; 
Theodosi et  al., 2019; Cerro et  al., 2020). Recent works focused on organic 
phosphorus in order to estimate the contribution of these compounds in the P cycle 
and as source of P for marine biosphere (Markaki et al., 2010; Violaki et al., 2018; 
Djaoudi et al., 2018).

Phosphorus in the atmosphere is predominantly in the forms of aerosols, even if 
gaseous phosphorus compounds exist, as organophosphate pesticides or ester flame 
retardants (Castro-Jiménez et al., 2016; Degrendele et al., 2016). The major sources 
of P in aerosols are combustion processes, such as incinerator, coal/oil combustion 
and biomass burning in heavily industrialized areas whereas mineral dust dominates 
the atmospheric phosphorus budget close to desert source areas (Mahowald et al., 
2008). At the scale of Mediterranean, Richon et al. (2018b) showed combustion to 
be a more important source of atmospheric phosphate at the basin scale than natural 
dust. In consequence, the distribution of P between coarse and fine mode, and hence 
the deposition rate, depends on the contribution of each source (Markaki et  al., 
2003; Morales-Baquero et  al., 2013). Few data exist on phosphorus aerosol 
concentrations and sources in Mediterranean, because it is rarely measured in 
aerosol characterization studies (e.g., Calzolai et  al., 2015; Arndt et  al., 2017). 
Starting with Bergametti et  al. (1992), most studies about atmospheric P and its 
sources in the Mediterranean refer to P deposition measurements.

The total phosphorus deposition flux measured in the northwestern Mediterranean 
(Table 2) varied from 0.5 mmol m−2 yr−1 in SE Spain (Morales-Baquero et al., 2006) 
to 1.3–4.8 mmol m−2 yr−1 in NW Corsica (Bergametti et al., 1992; Desboeufs et al., 
2018). Phosphorus atmospheric deposition is estimated at ~0.5 mmol m−2 yr−1 in the 
eastern Mediterranean (Herut & Krom, 1996; Carbo et al., 2005), but 2 mmol m−2 yr−1 
was measured in Crete (Violaki et al., 2018). An average around 1 mmol m−2 yr−1 on 
all the Mediterranean basins is calculated by Guieu et al. (2010) from the results of 
the ADIOS network. The ADIOS data set allows to compare the DIP deposition 
over the same period at various sites across the Mediterranean basin: it shows that 
the annual deposition fluxes range from 0.24 (in Crete) to 0.61 (in Spain) mmol 
m−2 yr−1 (Guieu et al., 2010; Markaki et al., 2010). It also suggests that the deposition 
fluxes could be higher in the western part of the basin, maybe due to higher 
anthropogenic emissions. This trend is confirmed by the individual measurements 
over the basin, with typically the highest fluxes observed in the Western part, except 
in Turkey (Table 2). The anthropogenic deposition of TP and DIP predominates the 
annual fluxes whatever the location in Mediterranean, representing sometimes more 
than 75% of annual fluxes (Bergametti et al., 1992; Migon et al., 2001; Markaki 
et al., 2003; Guieu et al., 2010; Desboeufs et al., 2018). The role of biomass burning, 
including incinerators, is pointed as a major combustion source based on the 
correlation between phosphorus and K+ in deposition samples (Markaki et al., 2010; 
Desboeufs et  al., 2018). The predominance of anthropogenic phosphate is 
particularly visible over the northern basin (Adriatic and Aegean seas in particular). 
For these regions in the vicinity of anthropogenic sources, P deposition from 
combustion sources has a low variability, whereas P deposition associated with dust 
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occurs during transient events and is therefore highly variable on a monthly basis 
(Richon et al., 2018a, b). Indeed, the dust deposition is also found to significantly 
contribute to the fluxes of total P due to the intense but sporadic inputs, reaching 
more than 50% of TP fluxes during dust events (Bergametti et al., 1992; Herut et al., 
2002; Özsoy, 2003; Morales-Baquero & Pérez-Martínez, 2016; Desboeufs et  al., 
2018). Thus, the total P fluxes by dry deposition shows a seasonal pattern similar to 
Saharan dust export over the Mediterranean, with a minimum during winter and 
maximum during spring-summer, meaning that dust intrusion is the main factor 
controlling dry deposition of P (Markaki et al., 2010; Morales-Baquero & Pérez- 
Martínez, 2016). The ratio DIP/TIP is lower than 0.3 in wet deposition during dust 
intrusions, whereas it is higher than 0.35 without dust influence (Herut et al., 2002; 
Markaki et  al., 2010). This low solubility of P in dust limits the impact of dust 
deposition on the fluxes of DIP (Ridame & Guieu, 2002; Markaki et al., 2003), and 
DIP fluxes are similar in wet deposition influenced or not by dust (Özsoy, 2003). 
Longo et al. (2014) showed that aerosols from Europe deliver more soluble P in 
comparison to North African aerosols, meaning that these aerosols are a significant 
source of soluble phosphorus to the Mediterranean Sea. No specific pathway of 
deposition seems to dominate the total phosphorus fluxes (Table 2). Wet deposition 
contributes 15 to 80% of DIP fluxes for the different sites (Table 2). This variability 
is also observed for the same site, with a contribution of wet deposition being 19% 
in 2012 and 75% in 2013 in Finokalia (Violaki et al., 2018). This high variability 
could be explained by the inter-annual variability of wet dust deposition (Markaki 
et  al., 2003). In terms of seasonal variability, the lowest values for TIP and DIP 
fluxes are observed in winter, during wet periods, both in the western and eastern 
part of Mediterranean (Bergametti et  al., 1992; Markaki et  al., 2003; Morales- 
Baquero & Pérez-Martínez, 2016).

The fluxes of DOP range from 0.07 to 1.16 mmol m−2 yr−1 in Frioul Island and 
Crete, respectively. This large range shows higher values in Crete in comparison to 
measurements on the French coast (Table  2) due to larger sources of organic P 
species in the eastern basin (Violaki et al., 2018). The main organic source could be 
pollen deposition (Morales-Baquero & Pérez-Martínez, 2016). However, the 
contribution of soluble organic forms on TDP shows a very high inter-annual 
variability for a specific site: the DOP/TDP ranges from 38% in 2001–2002 to 90% 
in 2012–2013 in Crete (Markaki et al., 2010; Violaki et al., 2018). However, no clear 
spatial variability of DOP contribution is observed from ADIOS results (Markaki 
et  al., 2010). Nevertheless, it is difficult to bring robust conclusions on DOP 
contribution since the dataset is limited and shows large inter-annual variability 
(Violaki et al., 2018).

4  Conclusion and Recommendations

The importance of atmospheric deposition for the biogeochemical cycling of N and 
P in the Mediterranean spurred several long time-series of nutrient deposition 
measurements across the basin, some of which are 30  years old. The results 
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emphasize no clear long-term trend for P but a decreasing trend for DIN fluxes 
possibly associated with anthropogenic emission mitigation. However, it is difficult 
to analyse long-term trends due to the uncertainties in N measurements. The usual 
devices to measure N deposition still neglect the gaseous part of nitrogen by dry 
deposition, which could be a significant form of atmospheric input of N in 
Mediterranean systems due to NOx concentrations (Àvila & Rodà, 2012). The 
synopsis of survey data is complicated by a strong dependence of the results on 
sampling and analytical methods. Hence, we encourage the definition of common 
procedures for sampling between the different long time-series sites, as it is the case 
of the harmonized method for monitoring of air pollution effects on European 
forests (http://icp- forests.net/; last access 07 July 2022). In spite of recent efforts to 
estimate the deposition of organic forms, the data on organic nutrient deposition are 
still fragmented. The contribution of organic forms is often similar to, or even higher 
than, the inorganic fraction in the total deposition, both for N and P. However, the 
exact source of these organic forms remains unresolved, notably as the analytical 
work on chemical speciation is very complex. Thus, the lack of data constitutes 
another factor that greatly increases the uncertainties and hinders our knowledge of 
the nitrogen and phosphorus cycles in this region. The literature is slowly growing 
in studies addressing organic deposition in the Mediterranean basin, but these efforts 
need to be continued.

A high inter-annual variability is observed in N and P fluxes in all Mediterranean 
locations. This variability is mainly linked both to the frequency of dust intrusion 
and of precipitation. If dust deposition controls in part the highest fluxes of N and P, 
the results show the importance of anthropogenic inputs on the annual fluxes. The 
contribution of anthropogenic sources is the major factor playing on the spatial 
variability of nutrient fluxes, but no clear north-south or longitudinal gradient is 
observed. The variability between measurement sites is usually related to the 
vicinity of local anthropogenic sources or to anthropogenically influenced air 
masses. The temporal dynamics of marine N and P concentrations since 1985 show 
a high sensitivity to anthropogenic atmospheric deposition and are expected to 
decline in the coming decades due to pollutant emissions mitigation/control (Moon 
et al., 2016). The regulation of emissions of anthropogenic nutrients could be a key 
driver affecting seawater nutrient cycles and hence the marine ecosystem in the 
future. However, atmospheric trace metal sources and effects need to be taken into 
account as well to provide high-quality projections in a context of future changes. 
Modelling is the optimal method to differentiate spatial and temporal variations of 
anthropogenic deposition. However, the quantification of the atmospheric nutrient 
deposition over the Mediterranean basin has still to be taken with caution. Aerosol 
and dust atmospheric transport and deposition simulations differ widely from model 
to model, regarding the total mass of nutrient deposition and its spatial and temporal 
structure (Basart et al., 2016). The observational time series are spatially spotty and 
tend to exist for short time periods. We underline the need for more deposition 
measurements in order to better constrain the modelling of such important nutrient 
sources for the Mediterranean.

K. Desboeufs
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Abstract Atmospheric deposition is a process of atmospheric removal for various 
metals and organic contaminants, as organochlorine compounds or polycyclic 
aromatic hydrocarbons (PAHs). This chapter presents a discussion on atmospheric 
deposition and fluxes of trace and heavy metals and organic contaminants in the 
Mediterranean basin. Recent studies used statistical methods to address the source 
apportionment of deposited metals. They generally show that anthropogenic sources 
dominate the fluxes of metals, although atmospheric mineral dust deposition is 
critical for some of them during strong desert dust events. Atmospheric metal fluxes 
are typically too low to have a toxicological impact on the marine biosphere. 
Organic contaminants show low deposition fluxes due to the air-sea equilibrium and 
degradation processes in the water column and, hence, may only have a small 
impact on marine ecosystems. However, the atmospheric fluxes of these species are 
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still poorly studied and need to be complemented to improve our knowledge of their 
impact in this region.

1  Particulate Trace Metals

1.1  Introduction

Aerosol particles are the predominant conveyor of trace metals (hereafter called 
TMs) in the atmosphere, except for mercury, highly present in the gas phase and not 
considered in this review. In addition to the major nutrients, TMs such as iron (Fe), 
chromium (Cr), copper (Cu), nickel (Ni), manganese (Mn), or zinc (Zn) are known 
to have a biological role, often as cofactors or part of cofactors in enzymes and as 
structural elements in proteins (Morel & Price, 2003; Annett et al., 2008). Several of 
these trace metals, like Fe, cobalt (Co), Ni, Cu, cadmium (Cd), vanadium (V) and 
molybdenum (Mo), are present at low concentrations in oligotrophic oceans and the 
Mediterranean Sea and therefore possibly limiting the phytoplankton production 
(Pinedo-González et  al., 2015). It is known that iron atmospheric deposition 
represents a significant input to support the primary production in surface waters of 
the Mediterranean basin (MB) (Bonnet & Guieu, 2006). Other TMs supplied by 
atmospheric aerosol deposition to the oceans could also be important in enhancing 
or inhibiting phytoplankton growth rates and in modifying plankton community 
structure, thus impacting marine biogeochemistry (Mahowald et al., 2018). Seeding 
experiments of surface Mediterranean seawater emphasized a fertilizing effect of 
dust on phytoplankton communities, which was superior to a direct addition of 
equivalent content of Fe, N and P (Ridame et al., 2011). In incubation experiments, 
Mackey et  al. (2012) showed that this fertilizing effect could be linked to the 
dissolved metals concentrations from added aerosol particles. This conclusion is 
supported by the results of Tovar-Sánchez et al. (2014), who showed a correlation 
of the atmospheric deposition of mineral dust with dissolved trace metals (Cd, Co, 
Cu, Fe) enrichment of the sea-surface microlayer. However, a negative effect of 
atmospheric deposition on chlorophyll concentrations was observed in the 
Mediterranean Sea under a large influence of European aerosol sources (Gallisai 
et al., 2014). It has been suggested that the atmospheric deposition of aerosols was 
responsible for the contamination of the Mediterranean waters in trace and heavy 
metals (Béthoux et  al., 1990; Ruiz-Pino et  al., 1990; Migon & Nicolas, 1998; 
Guerzoni et al., 1999; Guieu et al., 2010). For example, the input of anthropogenic 
aerosols, such as Cu-rich particles, has been suspected to inhibit phytoplankton 
growth (Jordi et al., 2012).

Trace and heavy metal deposition fluxes available in the literature are summa-
rized in Table  1 for the Mediterranean Sea background and not, or  moderately 
impacted coastal sites. The table reports annual fluxes estimated from at least 1 year 
of survey, but several other studies tried to estimate the deposition fluxes on shorter 
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periods as Chester et al. (1997) at Cap Ferrat, Guerzoni et al. (1999) in Sardinia or 
Fu (2018) during an oceanographic cruise in the western Mediterranean. Even if 
there exists a European standard procedure for trace metal atmospheric deposition 
measurements  (EN15841: 2009 Ambient air quality  – Standard method for 
determination of arsenic, cadmium, lead and nickel in atmospheric deposition), this 
method is unfortunately not used in research studies, which makes it very difficult 
to compare measurements and assess the atmospheric deposition of TMs to the 
Mediterranean. Indeed, past studies focused on different metals, different periods 
and different  locations,  using different methodologies. Many trace metals 
measurements mainly focus on Fe (for its potential role in marine productivity) and 
certain heavy metals, such as Cd, Pb and Zn. More occasionally, data exist for other 
trace metals such as Cu or Mn. Considering the metals identified as playing a role 
in the marine biosphere, there is little data on V, Co, Cr and Mo. Moreover, 
atmospheric inputs of trace metals to the Mediterranean sea  have been hardly 
addressed in the recent period (Theodosi et al., 2010; Desboeufs et al., 2018; Fu 
et  al., 2017,  2018) and data mainly come from the 1990s and the beginning of 
2000s, especially  for the eastern basin. Thus, measurements are relatively 
heterogeneous, and assessing the atmospheric deposition of one metal and its spatial 
variations is challenging. Only data  of bulk TMs deposition  from the 
Mediterranean  ADIOS network  (Guieu et  al., 2010) and data of insoluble TMs 
deposition from the CARAGA network in the western basin (Fu et al., 2017, 2018) 
provide a spatial distribution of fluxes using the same collectors and same protocols 
for at least a year.

1.2  Sources and Variability

Wet deposition processes are very efficient and can scavenge the tropospheric aero-
sol in a short period of time during rain events. On the opposite, dry deposition is a 
more monotonic process leading to continuous deposition. Wet deposition is usually 
measured by wet-only collectors or using collectors deployed only during rainy 
periods (e.g., Özsoy & Örnektekin, 2009). Measuring dry deposition is less straight-
forward than wet deposition. Direct measurement of dry deposition is difficult since 
it depends on many factors, including meteorological conditions and characteristics 
of the surface on which deposition occurs. Dry deposition was either collected with 
different devices, either estimated as the difference between total and wet deposi-
tion (e.g., Desboeufs et al., 2018) or computed as the product of aerosols concentra-
tions by settling rates (e.g., Chester et al., 1999). This last method, which is the most 
common, is based on an assumed steady-state relationship:

 F V C= d  (1)

where the dry deposition flux or rate (F) is a product of the dry deposition velocity 
(Vd) and the concentration (C) of an airborne TM. However, even if this method is 
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recommended for estimating dry deposition, the estimated fluxes of trace metals are 
highly dependent on the adopted average depositional velocities, which are directly 
linked to the particle size distribution of TMs in aerosols (Dulac et  al., 1989; 
Theodosi et al., 2010). The measurements of particle size distributions of TMs were 
rarely carried out during deposition studies, creating uncertainties in the 
measurements of dry deposition fluxes (Chester et  al., 1999; Koçak et  al., 2005, 
2007). The Mediterranean basin is continuously affected by  a background of 
anthropogenic aerosols, which is perturbed by sporadic mixing with biomass 
burning particles or desert dust from the Sahara and the Middle East in its easternmost 
part. Metals from anthropogenic or combustion sources are mainly associated with 
the fine mode, whereas metals from dust origin are linked for a large part with the 
coarse mode. The partitioning of TMs between these two modes is therefore a key 
parameter to evaluate more accurately their settling velocities and, hence, their dry 
deposition.

Severalstudies focused on the source apportionment of metals in deposition sam-
ples (Chester et al., 1997; Guerzoni et al., 1999; Ridame et al., 1999; Sandroni & 
Migon, 2002; Özsoy & Örnektekin, 2009; Guieu et al., 2010; Fu et al., 2017, 2018; 
Desboeufs et al., 2018; Cerro et al., 2020). Indeed, investigations on TMs sources 
need to be carried out directly on deposition samples, since results of aerosols 
sources apportionment algorithms could depend on the deposition, which may in-
turn depend on aerosols size distribution, hygroscopicity, rain frequency, etc. Due to 
its insignificant concentrations in anthropogenic background aerosols, Al can be 
considered as a tracer of natural aerosols. Consequently, is can be used to distin-
guish the natural and anthropogenic origins of TMs. In the MB, Al may be consid-
ered entirely associated with Saharan dust aerosols. Typically, enrichment factors 
(EF) or crustal elemental ratios (X/Al) serve as a tool to identify Saharan and 
anthropogenic components in dry/wet deposition samples and to quantify their 
relative contributions (Chester et  al., 1997; Guerzoni et  al., 1999; Ridame et  al., 
1999; Sandroni & Migon, 2002; Özsoy & Örnektekin, 2009; Guieu et al., 2010; Fu 
et al., 2017, 2018; Cerro et al., 2020). The EF relative to crustal material is calculated 
for any element X as follows:

 
EF Al Alcrust Sample

X X Crust� � � � �/ / /
 (2)

where (X/Al)sample refers to the concentration ratio of the trace element X to Al in the 
deposition sample and (X/Al)crust in the average  ratio for crustal material. Some 
surrogate compositions are used as reference of crustal material, including the upper 
continental crust (Mason, 1966; Wedepohl, 1995; Rudnick & Gao, 2003) or Saharan 
dust composite (Guieu & Thomas, 1996). However, due to the diversity of the dust 
chemical composition for various emission sources in the Sahara and their 
physicochemical evolution during atmospheric transport (Formenti et al., 2011), the 
use of EF can create uncertainties in the estimation of dust contribution. More 
recently, the source apportionment of particles in the Mediterranean Sea has been 
also investigated using statistical methods such as the PMF (positive matrix 
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factorization) (Desboeufs et  al., 2018; Cerro et  al., 2020) or PCA (principal 
component analysis) (Özsoy & Örnektekin, 2009; Fu et al., 2017, 2018) methods. 
These methods identify factors, which can be attributed to chemical source profiles 
in order to distinguish various natural and anthropogenic sources such as heavy oil 
combustion, biomass or waste burning.

All these studies show a large predominance of anthropogenic sources for the 
majority of metals, except Fe, which is mainly attributed to crustal origin (higher 
than 75%). The signature of continental pollution sources was observed even in 
remote areas like Lampedusa or Mallorca (Fu et al., 2017; Cerro et al., 2020). Zn 
and Cd display the highest fractions of total deposition that were not of Saharan 
origin, typically higher than 95%. Cr, Co, Cu, Mn, Ni and V present values, which 
are more mixed but are mainly associated with anthropogenic sources (60 to 90%). 
During intense dust deposition events, the trace metals fluxes are increased either 
during dry and wet deposition events (Guerzoni et al., 1999; Özsoy & Örnektekin, 
2009; Guieu et  al., 2010; Desboeufs et  al., 2018; Cerro et  al., 2020). Yet, the 
contribution of anthropogenic aerosol deposition remains largely significant for 
certain metals such as Cd or Zn (Guieu et al., 2010; Desboeufs et al., 2018). For 
example, the increase in concentrations from background rain to dusty rain in 
Turkey ranges from 1.1 for Zn and Cd to 14 for Fe or Mn (Özsoy & Örnektekin, 
2009). To put it differently, the high-dust-deposition events represent around 50% of 
annual fluxes for Fe and 33% for Cr, Mn, Ni and V, whereas their contribution is 
<10% for As, Cu and Zn in Corsica (Desboeufs et al., 2018). The influence of dust 
source on Mn deposition fluxes depends on the season, since it is correlated with Fe 
during winter and spring, but presents a peak in summer at Finokalia, associated 
with air masses from industrialized areas (Theodosi et al., 2010). In Corsica, the 
deposition flux seasonality of Cr and V also reflects the dust event period in spring 
(Desboeufs et al., 2018). Concerning Zn and Cu, the statistical apportionment and 
the correlation with K deposition fluxes enable to emphasize the biomass/waste 
combustion as their major anthropogenic source (Özsoy & Örnektekin, 2009; Fu 
et al., 2017; Desboeufs et al., 2018). Even if the heavy oil combustion (ship traffic) 
was identified as an important source of particulate V and Ni over the Mediterranean 
Sea (Becagli et al., 2017), it does not seem to be the case for deposition in Corsica 
(Desboeufs et al., 2018) and still needs to be tested at other sites. The case of Pb is 
particular, since the data from the 1990s show that Pb was mainly of anthropogenic 
origin (EF generally higher than 100; e.g., Chester et al., 1999; Koçak et al., 2007), 
whereas the most recent works found a link with dust deposition (Theodosi et al., 
2010; Desboeufs et al., 2018; Fu, 2018). This could be explained by the decreasing 
temporal evolution of anthropogenic Pb concentrations in aerosols (Migon et al., 
2008; Heimbürger et al., 2010) and concurrent Pb deposition fluxes. Indeed, Pb, as 
Cd and Zn, exhibits deposition fluxes about 100 times lower for the most recent 
measurements in comparison with data from the 1980s (Table 1). In Corsica, the 
observed decrease in Pb deposition reached more than one order of magnitude 
between 1985–1986 (Bergametti, 1987; Remoudaki et al., 1991a) and the beginning 
of the 2000s (Ridame et al., 1999; Loÿe-Pilot et al., 2001; Guieu et al., 2010) and 
further decreased by a factor of 2  in the 2010s (Desboeufs et  al., 2018). This 
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behaviour reflects the regulation in atmospheric emissions of this metal in western 
Europe since the beginning of the 1990s, for example, by the phasing out of lead 
additives in gasoline, which was identified as the major Pb contributors (~70%) in 
the Mediterranean atmosphere at that time (Pirrone et al., 1999). Cerro et al. (2020) 
report greater Pb/Al values under the influence of Libyan dust source areas in 
comparison to western Sahara, Hoggar Massif or Tunisia, which could point out that 
anthropogenic emissions from Libya could accompany crustal particles. The 
decrease in emission is common for the majority of trace metals: e.g., Pb, Cr, Cd, Ni 
and Zn anthropogenic emissions went down by 93%, 72%, 65%, 70% and 36%, 
respectively, from 1990 to 2016 in Europe; only Cu increased by 8%, according to 
the European Union emission inventory report 1990–2016 (EEA, 2018). However, 
except for Cd, Pb and Zn, no clear trend was registered in deposition samples for 
other metals (Loÿe-Pilot et al., 2001), due to the lack of long-term datasets.

As a consequence of mass deposition of natural sources, annual fluxes of Fe 
predominate on the other trace metal fluxes, followed by Zn and Mn, while the 
weakest flux is found for Cd. Despite the high spatial and time variability of 
precipitation and aerosol concentrations over the Mediterranean Sea, it appears that 
the fluxes for one particular TM always present the same order of magnitude of 
fluxes for dry deposition or wet deposition (e.g., Özsoy & Örnektekin, 2009), except 
specific sites with local contamination (Koçak et al., 2005; Guieu et al., 2010; Fu 
et al., 2017). This could be explained by a certain uniformity of metal atmospheric 
concentrations. The air pollution caused by the metals is most often localized and is 
typically related to specific industrial plants (EEA, 2018). This uniformity of aerosol 
concentrations implies that for a given site, the inter-annual variability is low and 
within a factor 2 at best, except in case of dust intrusion for Fe or in case of local 
pollution (Ridame et al., 1999; Sandroni & Migon, 2002; Desboeufs et al., 2018). 
Theodosi et  al. (2010) concluded that the long-range transport of anthropogenic 
aerosols is limited to the MB, and hence, the origin of the TMs deposition fluxes 
could mainly result from local or regional contaminations. From this idea, the 
coastal measurements of deposition would not be representative of actual deposition 
in remote areas and the estimations of representative deposition fluxes should be 
operated on remote islands or during cruises across the MB, as long as the 
contamination from the vessel during sampling could be controlled.

The predominance of dry or wet deposition is different from one trace metal to 
another and from one site to another. Mn and Cu are mainly deposited by dry 
deposition (around 70% of the total atmospheric inputs) in Finokalia (Theodosi 
et al., 2010) and Mallorca (Cerro et al., 2020), whereas the wet deposition represents 
around 60% of their total deposition in Corsica (Desboeufs et al., 2018). In the open 
sea, the most important wet deposition fluxes for TMs are observed when a rain 
event occurs after at least three consecutive dry days, leading to higher TM 
concentrations in the atmosphere (Remoudaki et al., 1991a). Thus, the rain events 
occurring at that time scavenge highly loaded air masses with anthropogenic 
aerosols or dust, leading to higher wet deposition fluxes (Remoudaki et al., 1991a; 
Migon et al., 1997). During summer, due to the lack of precipitation in the MB, the 
aerosol loading is higher, enhancing the dry deposition during this period 
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(Remoudaki et al., 1991a; Desboeufs et al., 2018; Cerro et al., 2020). High fluxes 
can also occur in some cases of intense summer storms (Bergametti et al., 1989). 
Thus, the seasonality of fluxes would be mainly linked to the seasonality of the 
rainfall occurrence (Remoudaki et  al., 1991a, b). However, deposition fluxes 
obtained in Corsica show that TMs deposition presented a clear seasonal pattern, 
which was different for each metal, emphasizing the effect of TM sources variability 
(Desboeufs et al., 2018). Moreover, due to the high anthropogenic background in 
the Mediterranean atmosphere, the variability of monthly fluxes was smaller for 
elements mainly of anthropogenic origin (Cd, Zn and Pb) than for crustal elements 
(e.g., Fe) (Guieu et al., 2010; Theodosi et al., 2010). For Fe, the time variability of 
the deposition fluxes is highly linked to the spring fluxes concomitant to the dust 
intrusions over the MB and the end of the wet season (e.g., Bonnet & Guieu, 2006).

1.3  Solubility

Deposition delivers aerosols directly to the sea surface and TMs can solubilize to 
some extent according to several parameters: sources and chemical speciation of 
TMs, pathways of deposition (wet vs. dry), chemical processes during aerosol 
transport, seawater conditions, and chemical and biological processes in the ocean 
(Mahowald et al., 2018). Thus, the major challenge for marine biogeochemistry is 
the conversion of aerosol deposited fluxes of TMs to those that are bioavailable, i.e., 
fluxes that can directly affect marine ecosystem productivity. The partitioning 
between the particulate and the dissolved fractions is currently used to estimate the 
bioavailable fractions of TMs in wet or dry deposition. This partition is defined 
through the solubility measurement, i.e., the ratio between dissolved concentrations 
of TMs in water and their total content in deposition samples.

For wet deposition, the solubility is constrained by the aerosol-rain water reactiv-
ity and corresponds to the percentage of the dissolved metal concentration divided 
by its total (soluble plus particulate) concentration. In the case of dry deposition, the 
solubility is controlled by aerosol-seawater interactions. The solubility calculation 
implies to perform dissolution/leaching experiments on sampled aerosol filters for 
mimicking this reactivity (e.g., Chester et al., 1999). Metal dissolution can be influ-
enced by a number of factors both related to aerosol (source/mineralogy, size, atmo-
spheric chemical processing), rainwater (pH, aqueous phase aerosol concentration, 
organic ligands concentrations, bacteria concentration) and seawater (binding 
ligands, biological influences, adsorption of particles) (Baker et al., 2016). Thus, the 
main difficulty to compare the values of solubility for dry deposition is the diversity 
of dissolution protocols, for example, concerning the type and pH of water (seawa-
ter, ultrapure water, acid solution), the exposure time between water and filters in 
water. However, dissolution experiments carried out on a set of filters collected at 
the same site enable the study of the variability of solubility in homogeneous condi-
tions. The solubilities of trace metals measured in rains collected at different coastal 
sites and at sea in the Mediterranean are presented in Table 2.
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An important variability in solubility values is observed for the majority of the 
studied TMs, with up to one or two orders of magnitude, and is observed for most 
of the studied TMs. Iron presents the highest range with a solubility <1% in dust- 
rich rain in Turkey (Özsoy & Örnektekin, 2009) and up to 88% in the rain water 
with anthropogenic influence in the Ionian Sea (Fu, 2018). Only three metals have 
a limited range of solubility, and they are the most soluble: Cd (72–99%), V 
(68–99%) and Zn (62–99%). From dry deposition samples, the solubility values of 
metals show also a significant variability; for example, Zn solubility ranges from 
58% to 98% in dry deposition samples collected in Turkey (Muezzinoglu & 
Cizmecioglu, 2006). For both dry and wet deposition, Cd, Zn and V are the most 
soluble metals on average, whereas Fe and, to a lesser extent, Cr are the least soluble. 
These solubility values measured in the Mediterranean region are in the same range 
as in different oceanic parts of the world under the influence of various aerosols 
sources, e.g., the Atlantic Ocean (Shelley et al., 2018), the China Sea (Hsu et al., 
2010) or the Pacific Ocean (Buck et al., 2013).

The partitioning/mixing between anthropogenic and natural atmospheric inputs 
is a key parameter in determining the variability of solubility in the Mediterranean 
Sea (Guieu et al., 1997; Kaya & Tuncel, 1997; Guerzoni et al., 1999; Chester et al., 
1999; Fu, 2018). It is known that the metals associated with anthropogenic or 
combustion aerosols are more soluble than metals linked to mineral dust (Desboeufs 
et al., 2005). Consequently, the diversity of aerosol sources in deposition samples 
over the MB could lead to the variability in the observed solubility values. For 
example, the solubility of all metals is lower in dusty rains than in rains influenced 
by anthropogenic aerosols (Table 2). The highest solubility of Cd and Zn is also in 
agreement with the important contribution of anthropogenic aerosol deposition for 
these metals (higher than 90%, e.g., Chester et al., 1999). However, no clear link 
was observed between EF and solubility values (Fu, 2018).

In the case of wet deposition, a clear influence of pH and particulate load (or dust 
load) is also reported on solubility values (Losno et al., 1988; Kaya & Tuncel, 1997; 
Guerzoni et  al., 1999; Kuloglu & Tuncel, 2005; Özsoy & Örnektekin, 2009; 
Theodosi et al., 2010). The lower the pH, the higher the TM solubility, although the 
relation is not linear. For example, the soluble fraction for metals in Finokalia rains 
is usually higher than 60–80% (especially for Mn, Ni, Cu and Cd) in the low pH 
range (3.5–6.5), whereas these percentages decrease considerably at higher pH 
values (Theodosi et al., 2010). However, it is difficult to discriminate between the 
effect of aerosols sources, the effect of the pH or the effect of the particulate load. 
Dust can partially buffer acids, for example, due to the presence of calcium carbon-
ate and hence significantly increases the pH of rain (e.g., Loÿe-Pilot et al., 1986) or 
water during dissolution experiments (Desboeufs et  al., 2003). Thus, the low 
solubility observed for pH higher than 6.5 in rain could be related to the dissolution 
of metals from dust rather than a pH effect or both. The observed inverse relationship 
between particulate load and solubility of metals can be explained through the mass 
of dust in comparison to the mass of anthropogenic aerosols. No single process has 
been identified as the dominant controlling factor for TMs aerosol solubility, and it 
is likely that  combinations of competing factors are important depending on the 
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region and the season. The difficulty to interpret observed metal solubility in aerosol 
concentrations and deposition is also discussed for other regions and still remains a 
large subject of study (Mahowald et al., 2018).

2  Organic Contaminants

The Mediterranean Sea is particularly vulnerable because human activities in neigh-
bouring countries (urbanization, agriculture, industries, aquaculture, tourism, har-
bour activities, etc.) induce significant inputs of chemical contaminants from rivers, 
runoff, groundwater or atmospheric deposition. Among these contaminants, the 
Mediterranean Sea is largely impacted by legacy POPs (persistent organic pollut-
ants) and other organic contaminants, such as polycyclic aromatic hydrocarbon 
compounds (PAHs) (Mandalakis & Stephanou, 2004; Berrojalbiz et al., 2011; The 
MerMex Group, 2011) and plastic fragments (Schmidt et al., 2018). These organic 
contaminants are known to act on ecosystems through disruptive effects and can 
constitute a risk for the sustainability of these fragile ecosystems and for human 
health. These contaminants have been forbidden by the Stockholm Convention of 
POPs and regulated by the Water and Marine Strategy Framework Directives at the 
European level. However, little information exists on their background levels and 
stocks in the Mediterranean Sea. Thus, despite an increased monitoring of chemical 
pollution in this region in support of public policies for many years, there remains a 
crucial need for scientific research on these questions.

Atmospheric deposition was identified as an important vector for the entrance of 
the organic contaminants into coastal aquatic systems and open oceans (Jurado 
et al., 2005; Castro-Jiménez et al., 2015). Mass balance studies have shown that the 
atmosphere is an important pathway for polychlorobiphenyls (PCBs) and PAHs to 
the Mediterranean marine ecosystem (Lipiatou et  al., 1997; Tolosa et  al., 1997; 
Tsapakis et al., 2006). Yet, these estimations are based on very fragmented existing 
data of deposition and mainly limited to studies carried out on dry deposition. 
Indeed, a wide literature is available on atmospheric concentrations of organic 
contaminants in the Mediterranean Sea background and at  not,  to moderately 
impacted coastal sites (see Castro-Jiménez et al., 2013, and references therein), but 
few data about their atmospheric deposition are reported (Table 3).

Deposition data on organic contaminants is available for PAHs and for POPs, 
including organochlorines (OCs) comprising polychlorinated biphenyls (PCBs) and 
organochlorine pesticides (OCPs), and polychlorinated dibenzo-p-dioxins and 
dibenzofurans (PCDD/Fs). Values are also reported for polybrominated diphenyl 
ethers (PBDEs) and emerging pollutants like organophosphate esters (OPEs), which 
are used as substitutes of PBDEs since their recent ban by the Stockholm Convention 
in 2009. If the production and use of POPs is restricted by the Stockholm convention, 
PAHs are still highly emitted. PAHs are mainly released in the atmosphere by 
incomplete combustion of organic material, such as waste incineration, vehicles 
exhaust, residential heating and industrial processes, even if natural sources 
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Table 3 Annual deposition fluxes of POPs and PAHs reported for the Mediterranean basins, 
adapted and completed from Castro-Jiménez et al. (2015)

Compounds
Deposition flux

Location Yeard ReferencesDry Wet Diffusive

PCDD/Fs (ng m−2 yr−1)
Σ2,3,7,8- 
PCDD/Fsa

2–60 n.r. 3–25 All basins (open Med. 
cruises)

2006, 
2007

Castro-Jiménez 
et al. (2010)

Σ17PCDD/Fs 2–81 n.r. n.r. Western Med. 
(Marseille, France)

2015 Castro-Jiménez 
et al. (2017)

Σ17PCDD/Fs 2–69 n.r. n.r. Western Med. 
(Bizerte, Tunisia)

Σ2,3,7,8- 
PCDD/Fsa,c

23 19 n.r. Western Med. (Thau 
lagoon, France)

2007–
2008

Castro-Jiménez 
et al. (2011)

PCBs (ng m−2 yr−1)
Σ20PCBs 22–

690
n.r. n.r. Western Med. 

(Bizerte, Tunisia)
2015 Barhoumi et al. 

(2018)
Σ18PCBs 36–

216
n.r. n.r. Castro-Jiménez 

et al. (2017)
Σ18PCBs 21–

115
n.r. n.r. Western Med. 

(Marseille, France)
Σ18PCBsa 136 125 n.r. Western Med. (Thau 

lagoon, France)
2007–
2008

Castro-Jiménez 
et al. (2011)

Σ54PCBsb 36–
400

820c n.r. Eastern Med. 
(Finokalia, Crete)

2000–
2001

Mandalakis and 
Stephanou (2004)

Σ41PCBsa 50–
2250

n.r. 187–4585 All basins (open Med. 
cruises)

2006, 
2007

Berrojalbiz et al. 
(2014)

PAHs (μg m−2 yr−1)
Σ30PAHsc 70–80 n.r. 600–1400 All basins (open Med. 

cruises)
2006, 
2007

Castro-Jiménez 
et al. (2012)

Σ35PAHsb,c 58 165 700 Eastern Med. 
(Finokalia, Crete)

2001, 
2002

Tsapakis et al. 
(2006)

Σ15PAHs 5–41 n.r. 335–510 Western Med. 
(Barcelona, Spain, and 
Banyuls, France)

2002 Guitart et al. (2010)

Σ11PAHsa 10–30 n.r. n.r. Western Med. 
(Mallorca, Spain)

1989 Lipiatou et al. 
(1997)

Σ11PAHsa 15–35 10–
40

n.r. 1990 Lipiatou and 
Albaigés (1994)

Σ34PAHsc 30–
1120

n.r. n.r. Western Med. 
(Bizerte, Tunisia)

2015 Barhoumi et al. 
(2018)

OCPs (ng m−2 yr−1)
HCBa 4–18 n.r. 30–1400 All basins (open Med. 

cruises)
2006, 
2007

Berrojalbiz et al. 
(2014)HCHsa n.r n.r. 1000–

90,000
Σ6OCP 13–

230
n.r. n.r. Western Med. 

(Bizerte, Tunisia)
2015 Barhoumi et al. 

(2018)
PBDEs (ng m−2 yr−1)

(continued)
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Table 3 (continued)

Compounds
Deposition flux

Location Yeard ReferencesDry Wet Diffusive

Σ27PBDEs 141–
1110

n.r. n.r. Western Med. 
(Marseille, France)

2015 Castro-Jiménez 
et al. (2017))

Σ27PBDEs 69–
3386

n.r. n.r. Western Med. 
(Bizerte, Tunisia)

Σ8PBDEsa 230 n.r. n.r. Western Med. (Thau 
lagoon, France)

2007–
2008

Estimated from 
Castro-Jiménez 
et al. (2011)

Σ5PBDEsb 4–90 n.r. n.r. Western Med. 
(Coastal)

2001–
2003

Méjanelle et al. 
unpublished

OPEs (μg m−2 yr−1)
Σ14OPEsa 26–

320
n.r. n.r. All basins (open Med. 

cruises)
2006, 
2007

Castro-Jiménez 
et al. (2014)

Σ9OPEsa, c 80 n.r. n.r. Western Med. 
(Bizerte, Tunisia)

2015 Castro-Jiménez and 
Sempéré (2018)

n.r. not reported
aSamples collected using high-volume samplers + polyurethane foam (gas + aerosol)
bSamples collected using deposition samplers
cMean values
dThe period is indicative, given years are not always complete

(volcanoes, forest fires) are not negligible in some environments (Lammel, 2015). 
All the atmospheric forms of these organic contaminants have obtained relevant 
attention due to their environmental persistence, bioaccumulation potential and 
proven toxic effect on aquatic ecosystems and human health (WHO, 2004). For 
example, in the Mediterranean Sea, the organic fraction of atmospheric aerosols has 
been shown as biologically active and capable of inducing adverse effects on aquatic 
species, with strong correlations with the concentration of particle-bound PAHs 
(Mesquita et al., 2014, 2016).

Depending on the vapour pressure, most organic contaminants are present in 
both gaseous and particulate phases at ambient temperature in the atmosphere. For 
the majority of POPs and associated contaminants, the gaseous phase is predominant 
with a contribution higher than 90% both in the eastern and western Mediterranean 
(e.g., for PCBs: Mandalakis & Stephanou, 2002; for PAHs: Gambaro et al., 2004; 
Tsapakis & Stephanou, 2005). When associated with atmospheric particles, organic 
pollutants can be more resistant to atmospheric degradation processes (e.g., 
photodegradation), therefore increasing their atmospheric lifetimes and hence long- 
range transport before their deposition (Castro-Jiménez et  al., 2017). Thus, the 
atmospheric dry deposition is considered as the main pathway for the input of the 
most hydrophobic contaminants in aquatic ecosystems. It is the reason why the 
majority of existing data are mainly limited to dry deposition. Most of them are 
derived from studies performed in coastal sites (Lipiatou & Albaigés, 1994; Lipiatou 
et  al., 1997; Tsapakis et  al., 2006; Castro-Jiménez et  al., 2017; Barhoumi et  al., 
2018). As no network on POPs deposition has been implemented yet over the MB, 
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only two surveys performed during oceanographic cruises enable us to obtain a 
broad spatial coverage (Castro-Jiménez et al., 2010, 2012, 2014; Berrojalbiz et al., 
2014). In these studies, the particulate phase was mainly collected using filters, and 
dry deposition was estimated from the aerosol concentration and the fine particle 
settling velocity (typically 0.2 cm s−1). However, atmospheric deposition of organic 
contaminants is not only represented by dry and wet fluxes but includes air-sea 
diffusive exchange, i.e., absorption and volatilization fluxes on the seawater surface 
(e.g., Castro-Jiménez et al., 2012). Generally, the diffusive fluxes are estimated by 
determining the absorption and volatilization fluxes from an air-water mass transfer 
coefficient, the contaminant concentrations in the gas phase and in the surface 
seawater, and the Henry’s law constant. Thus, wet deposition of organic contaminants 
implies both particle/gas scavenging and dissolution of gaseous compounds in 
cloud droplets according to Henry’s law constant (Mandalakis & Stephanou, 2004).

When sampling both gaseous and particulate phases, the studies showed that the 
distribution of organic contaminants between the particle and gas phases in the 
atmosphere controls their pathway and hence their removal rate. The air-sea 
exchange is generally the dominant pathway of organic contaminant deposition. For 
example, the comparison of air-sea gas exchange with dry deposition shows the 
greater importance of diffusive exchange by a factor 3 to 5 for PCBs and HCB 
(Berrojalbiz et  al., 2014). In the same way, due to the predominance of PAHs 
concentrations in the gas phase, air-sea exchange clearly dominates the PAHs 
deposition processes (Guitart et al., 2010). Thus, gas absorption contributes to 86% 
and 91% of the total net flux for fluorene and phenanthrene, respectively, at Finokalia 
(Tsapakis et  al., 2006). In addition, net absorption was observed in all transects 
during Mediterranean cruises for the PAH components with three and four aromatic 
rings, which are the main constituents of PAH gas phase concentrations (e.g., 
phenanthrene, anthracene, chrysene) (Castro-Jiménez et al., 2012). Thus, ∑30PAH 
average dry deposition accounted for the 5–11% (15–70 tons per year) of the 
average total annual inputs in the Mediterranean depending on the basins. 
Conversely, PAHs with high molecular weight or higher chlorinated PCDD/Fs are 
introduced in the MB primarily through dry and wet deposition (Tsapakis et al., 
2006; Castro-Jiménez et  al., 2010, 2013). The effect of weight is not visible for 
PCBs in wet deposition: particle-bound fractions of heavier congeners are not 
statistically different from the fractions of lighter ones (Mandalakis & 
Stephanou, 2004).

The data on dry deposition show that among the POPs, PBDEs present the high-
est fluxes, followed by PCBs and OCPs, whereas PCDD/Fs have the lowest fluxes 
(Table 3). The PAHs fluxes are one order of magnitude higher than POPs, as are 
OPEs fluxes. In addition to background deposition, important fluxes of PAHs have 
been recorded in the Mediterranean Sea during intense forest fires (Theodosi et al., 
2013). The spatial pattern of dry deposition emphasized high fluxes in the western 
basin in comparison to the eastern one, whatever PAHs, PCBs or HCB, but it is not 
the case for PCDD/Fs and OPEs, which present similar fluxes in both basins (Castro-
Jiménez et al., 2010, 2012, 2014; Berrojalbiz et al., 2014). This difference could be 
due to the highest aerosol loads in the western basin, associated with air masses 
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circulating to the north African coast. This fact highlights the potential PAHs/POPs 
sources from North Africa or the potential association of PCBs and other POPs to 
dust aerosols (Castro-Jiménez et al., 2012; Berrojalbiz et al., 2014).

From the data reported in Table 3, Castro-Jiménez et al. (2015) estimated that 
the total atmospheric fluxes of organic contaminants (sum of all studied families) 
to the open Mediterranean Sea varied from 2100 to 4600 t yr−1. These inputs are 
dominated by PAHs (2000–4100  t  yr−1), then OPEs (13–260  t  yr−1), OCPs 
(3–230  t yr−1), PCBs (∼3–20  t yr−1), PBDEs (∼1  t yr−1) and 2,3,7,8-PCDD/Fs 
(60–260 kg yr−1). The fluxes are expected to be higher in areas with high rainfall 
due to wet deposition (Castro-Jiménez et al., 2010). The concomitant inputs of 
these various contaminants could favour an effect of contaminant-aerosol cocktail 
(Castro-Jiménez et al., 2013). Nevertheless, the Mediterranean Sea is not a sink 
for all organic contaminants as net volatilization for some PAHs or PCDD 
congeners have been observed mainly in the South-East Mediterranean, in 
particular close to the Nile delta and Alexandria for PAHs, due to the high 
concentrations of water-dissolved PAHs (Guitart et  al., 2010; Castro-Jiménez 
et al., 2010, 2012). In addition, several PAHs, PCBs and OCPs are found close to 
phase equilibrium or net volatilization (upward flux) in the Aegean Sea (Lammel 
et al., 2015).

3  Conclusion and Recommendations

Atmospheric deposition is one of the significant pathways of trace  metals and 
organic contaminants to the open Mediterranean Sea. The atmospheric deposition 
dataset shows that anthropogenic inputs largely predominate, even if dust deposition 
could be at times important for some metals. Due to their environmental impact and, 
in particular, their impact on marine ecosystems, metals and organic contaminants 
have been targeted by different protocols of regulation and mitigation to control 
their emission or use in Europe in order to reduce their atmospheric concentrations. 
Similar regulations are under process in North African countries. In this context of 
air quality improvement, the impact of atmospheric deposition of these pollutants 
could change. For example, the fluxes of metals could be orders of magnitude less 
such that they are no longer a source of contamination but at the same time are 
sufficient to support the needs of the marine biosphere in this region. The studies of 
climate conditions in the future indicate a dryer and warmer climate in the MB, a 
situation that could change the rain regime (e.g., Déqué et al., 2007), and hence the 
soluble inputs of metals by wet deposition. Thus, the findings on the atmospheric 
trace metals sources and effects need to be complemented to provide high-quality 
projections in a context of climate change. Inversely, new emerging organic 
contaminants, including flame retardants, perfluoroalkyl substances, surfactants, 
personal care products and pharmaceutical compounds, have been identified 
(Barroso et al., 2019) and could prove to be problematic for marine ecosystems in 
the coming years. In addition, phosphorus is a limiting nutrient in the oligotrophic 
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Mediterranean Sea. The contribution of OPEs and other potential families of organic 
compounds containing P as a source of phosphorus could be a relevant aspect of the 
atmospheric deposition of organic chemicals in the Mediterranean Sea. The studies 
of these emerging and P-rich contaminants are also key to estimate the effect of 
atmospheric deposition on marine biogeochemistry.

However, the limited available data do not enable us to observe and quantify the 
potential subsequent decrease in the atmospheric deposition fluxes of trace metals 
and conventional organic contaminants or the potential increase of emerging con-
taminants. Indeed, our extended review of reported data shows the lack of informa-
tion on the recent deposition fluxes and on the spatial distribution of these fluxes 
both for trace metals and organic contaminants. For the latter, the deposition mea-
surements are often limited to one or two studies for each POP or associated pollut-
ants, and the emerging organic pollutants have received little consideration yet. 
Thus, the investigation on the occurrence and behaviour of these compounds in 
atmospheric deposition is a significant and challenging task due to the lack of 
regional data representative of the atmosphere over the Mediterranean Sea. In addi-
tion, the majority of deposition measurements are carried out at coastal sites, where 
local/regional contamination is often visible. We recommend increasing representa-
tive measurements of atmospheric concentrations and wet deposition of these com-
pounds on isolated islands and during oceanographic cruises  (Desboeufs et  al., 
2022) in remote waters of the Mediterranean basin.
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Abstract

In this section, we review various impacts of atmospheric composition and its 
changes focusing on precipitation chemistry and climate in the Mediterranean 
region. The first chapter is dedicated to current knowledge on aerosol and tropo-
spheric ozone direct radiative impacts in the region, including radiation extinction 
relevant to renewable energy production. The second chapter summarizes knowl-
edge on the indirect climatic effects of aerosol through cloud condensation and ice 
nuclei properties. The third chapter discusses the involvement of aerosols in precipi-
tation chemistry and impact on atmospheric composition through multiphase reac-
tions. The effects of atmospheric acidity on the composition and amounts of 
semi-volatile aerosol and the concentration of trace nutrients and toxic soluble met-
als are also discussed. All chapters are based on experimental results from chamber, 
ground based, aircraft and remote sensing observations, as well as numerical 
modeling.
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presented, together with trends in surface solar radiation. Absorption by aerosol 
particles within the troposphere affects heating rates and atmospheric stability, 
therefore playing a key role in the regional radiative impact of aerosols. In addition, 
the impact of aerosols on photochemistry and solar energy production over the 
Mediterranean region is also discussed with a focus on recent advances on the 
impact of the aerosol dimming on photovoltaic (PV) panels. Finally, the last section 
describes the regional radiative forcing (RF) of tropospheric ozone and drivers of its 
uncertainty.

1  Introduction

Among the various impacts (air quality, biogeochemical cycle, snow deposition, 
etc.) of atmospheric aerosols, their radiative effect has been recognized of para-
mount importance on the climate (e.g., Ramanathan et  al., 2001; Crutzen et  al., 
2003; Boucher et al., 2013). Indirect radiative effects through aerosol-cloud interac-
tions are analyzed in the following chapter of this volume (Nabat et al., 2022) and 
Mediterranean aerosol optical properties are reviewed in another chapter (Mallet 
et al., 2022). In this chapter, we focus on the direct radiative forcing (DRF) exerted 
by different aerosols types observed in the Mediterranean region. Quantifying the 
radiative forcing (RF) of aerosols is very important because it can lead to climate 
change (surface temperature, surface-atmosphere exchange fluxes, precipitation) 
even if these feedbacks are complex and not necessarily linear. Most of the studies 
are based on a 1D radiative transfer model using ground-based and aircraft in situ 
measurements as input data. Some estimates are provided by regional climate mod-
els and satellite data. We first  consider the aerosol DRF  exerted at the surface 
(Section 2.1) and at the top of the atmosphere (TOA) (Sect. 2.2), and the trends in 
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surface solar radiation (Sect. 2.3). In the following Section, we discuss the effect of 
aerosols on atmospheric  photolysis rates  (Sect. 3.1)  and photovoltaic production 
(PV) (Sect. 3.2). Then, we examine the regional RF of tropospheric ozone (Sect. 4). 
In the last part (Sect. 5), conclusions and recommendations for future research 
are drawn. 

2  Aerosol Direct Radiative Forcing

In the literature, aerosol DRF is classically defined at different levels, namely, at the 
surface or bottom of atmosphere (BOA), at the tropopause or top of the atmosphere 
(TOA), and within the atmosphere (ATM). The first forcing represents the effect of 
particles on the net radiation fluxes reaching the surface, and the second one, on the 
radiation fluxes reflected back to space by aerosols. The last term ATM indicates the 
part of solar energy which is absorbed by aerosols. Through absorption and scatter-
ing, aerosols typically induce a decrease in the solar energy reaching the surface, 
thereby possibly cooling it. At TOA, the aerosol particles generally produce an 
increase in the reflectivity of the Earth-Atmosphere system, inducing a cooling or 
parasol effect (Crutzen et al., 2003; IPCC, 2013). The atmospheric forcing results, 
for a part, from the possible absorption of solar radiation by particles. In case of 
purely scattering aerosols (e.g., pure sulfate or sea salt), the single scattering albedo 
of particles (SSA) tends toward 1, and the loss of energy at the surface is mostly 
scattered upward to space. In case of particles absorbing light either from biomass 
burning (BB), anthropogenic urban/industrial (UI) pollution, or mineral dust (D), 
the SSA is lower than 1, and a part of this loss at the surface is due to absorption 
within the aerosol layer which is consequently heated (Alpert et  al., 1998; 
Ramanathan et al., 2007). Large particles, such as dust, also produce a measurable 
impact on the longwave radiation budget, through radiation absorption, scattering, 
and emission. The longwave radiative forcing at BOA is generally positive (i.e., 
aerosols induce an increase in downwelling IR radiation due to IR emission by sus-
pended particles), while it is positive at TOA. Although this effect is smaller than in 
the shortwave spectral range, it may offset a significant part of the shortwave effect 
when large particles are present (e.g., Nabat et al., 2012).

2.1  Direct Radiative Effect at the Surface

By scattering and absorbing solar (shortwave) and infrared (longwave) radiation, 
natural and anthropogenic aerosols are able to perturb the net radiative fluxes at the 
surface in the Mediterranean basin. Perturbations in the shortwave can be strong as 
illustrated in Fig. 1, they are of a lesser extent in the longwave.

As an example, observations performed at the island of Lampedusa in the west-
ern central Mediterranean (35.5°N, 12.6°E) have been used to provide computations 
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Fig. 1 Examples of literature-reported estimates of the direct radiative effect exerted by different 
aerosol species (mineral dust, smoke, anthropogenic, and sea spray) at the surface in the 
Mediterranean region. Daily and yearly (underlined) estimates are indicated for different locations. 
𝜔o is the aerosol single scattering albedo. See Table 1 for more results

of the direct radiative forcing for three Saharan dust episodes, which occurred on 
May 18, 1999 (Meloni et al., 2003) and July 14–16, 2002 (Meloni et al., 2004). 
Radiative transfer computations denote a significant surface cooling, with respec-
tive instantaneous BOA forcings (Fig. 1; Table 1) of −13, −24, and −70.8 W m−2 
for July 14–16 and May 18. At the same location, di Sarra et al. (2008) report sur-
face aerosol effects obtained measuring the shortwave fluxes and aerosol optical 
properties in the period May–November of 2003 and 2004 (the pristine flux is con-
sidered here as the one occurring in the absence of atmospheric aerosols). They 
indicate that the daily surface forcing of mineral dust is much larger with respect to 
other aerosol species, with a mean value at the summer solstice and equinox of −30 
and −24 W m−2, respectively. Compared to the previous seasonal averages of about 
−85 W m−2, a significantly higher daily DRF was measured at Lampedusa Island in 
late March 2010 during a very intense dust event (aerosol optical depth (AOD) up 
to 1.9 at 500 nm; di Sarra et al., 2011), while it was about −29 W m−2 during a less 
intense dust event (AOD of 0.5 at 500 nm) in spring 2008 (Meloni et al., 2015). At 
a different site (coastal French Mediterranean region), Saha et al. (2008) have also 
calculated a significant diurnal reduction of the downward shortwave radiation by 
about −62 W m−2 (daily mean) due to the presence of dust. As previously noted, 
regional climate models used to compute the direct radiative forcing of aerosols 
over the Mediterranean put in evidence important values, e.g. ranging between −5 
and −20 W m−2 using the RegCM model (Nabat et al., 2012), with maximum values 
during the dusty season. In parallel, Nabat et al. (2015) have reported higher values 
of the DRF at the surface ranging from −10 to −30 W m−2 using the CNRM-RCSM 
regional climate model (period 2003–2009). Spyrou et al. (2013) have also shown 
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the crucial effect of dust aerosols on the Mediterranean budget through the dust 
SKYRON model radiative transfer scheme for a 6-year simulation, with an annual 
maxima over the basin in the southern part of the western and central basins. Lastly, 
for specific case studies, Santese et  al. (2010) indicated a daily-mean SW direct 
radiative effect of about ~−24 W m−2 at the surface and at a large regional scale, 
during two dust outbreaks. Using the NMMB-MONARCH model, Gkikas et  al. 
(2018) assessed the regional dust radiative effect during the most intense identified 
dust events in the Mediterranean in the period 2000–2013 (maximum dust AOD 
ranging from about 2.5 to 5.5). They found that dust outbreaks affect the radiation 
budget at BOA, with values of the mean regional DRF from −22.2 to +2.2 W m−2.

Similar effects have been observed and/or calculated for urban/industrial aero-
sols over the Mediterranean region (Table  1). Horvath et  al. (2002), Markowicz 
et al. (2002), Meloni et al. (2003), Roger et al. (2006), Saha et al. (2008), and Mallet 
et  al. (2016) show a decrease in surface solar fluxes of 23, 18, 19, 34, 24, and 
15 W m−2 (daily mean) at Almeria (South Mediterranean coast of Spain), Finokalia 
(Crete Island in the eastern Mediterranean; 35.3°N, 25.6°E), Lampedusa Island, 
Marseilles (southeastern France), Toulon (South Mediterranean coast of France), 
and Barcelona, respectively. More recently, for continental pollution in the western 
basin observed in summer 2013, di Biagio et al. (2016) have suggested up to a 50% 
change in the aerosol radiative forcing efficiency (FE), i.e., the DRF per unit of opti-
cal depth, at the surface (from −160 to −235 W m−2 AOD−1 at 60° solar zenith 
angle) for an SSA varying between its maximum and minimum value.

By considering annual mean values of the measured AOD at Lampedusa for the 
different aerosol types, and the corresponding estimates of FE, Di Biagio et  al. 
(2010) estimated a surface shortwave daily average DRF at the equinox of about 
−22 W m−2 for desert dust, −17 W m−2 for polluted/biomass burning particles, and 
−13  W  m−2 for marine-mixed aerosol types. Volcanic aerosols originating from 
Etna have also been shown to produce a non-negligible DRF during active phases. 
Sellitto et  al. (2016) estimated daily shortwave FE between −39 and 
−48 W m−2 AOD−1 at the TOA and between −66 and −49 W m−2 AOD−1 at the 
surface. Recently, Sellitto et al. (2020) have reported a daily average radiative forc-
ing of −7 W m−2 at the surface for a volcanic plume with an ultraviolet AOD of 
0.12–0.14.

At a regional scale, Zanis (2009) has also studied the radiative forcing of anthro-
pogenic aerosols for summer 2000 and indicated significant values from −30 to 
−80 W m−2 over the Central Europe (mainly due to sulfates particles) and lowest 
(between 0 and −10 W m−2) over the Mediterranean basin. In addition, the COSMO- 
CLM version has been used to study the dimming/brightening phenomenon over 
Europe for the period 1958–2001 (Zubler et al., 2011). Recently, Drugé et al. (2019) 
have proposed a first estimate of the nitrate direct radiative forcing at the surface. 
Over the period 1979–2016, the DRF is found to be about −1.7 W m−2 over Europe. 
Although only few studies have been dedicated to the radiative effect of biomass 
burning aerosols over the region, calculations performed by Formenti et al. (2002) 
during STAAARTE-MED reveal a significant surface dimming by smoke particles. 
Based on chemical, physical, and optical measurements within a large aged BB 
plume on board a research aircraft, they calculated a shortwave radiative forcing of 
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−64  W  m−2 at the surface. Finally, for primary sea spray aerosols, Claeys et  al. 
(2017) have reported values of ~−11 W m−2 during summer 2013.

Numerous studies underline the fact that the LW radiative effect of large parti-
cles, in particular mineral dust, can offset for a part the one exerted in the SW 
(Santese et al., 2010; di Sarra et al., 2011; Nabat et al., 2012, 2015; Spyrou et al., 
2013; Meloni et al., 2018). At the surface, during desert dust events at Lampedusa, 
the longwave forcing has been computed to offset about 50% of the shortwave 
forcing (di Sarra et al., 2011; Meloni et al., 2015). It has been estimated that long-
wave radiation scattering by desert dust contributes by 18% to the LW direct radia-
tive forcing (Sicard et al., 2014). As discussed by Gómez-Amo et al. (2011) and 
Gkikas et al. (2018), while the shortwave forcing is more intense during daytime 
(SZA of 50–60°) and zero in nighttime, the longwave forcing acts continuously. 
The combination of the two may produce a modulation of the overall effect, pro-
ducing time varying effects on the surface radiation budget and on the atmospheric 
temperature.Although estimations of the surface radiative effects over the 
Mediterranean Sea are scarce at this time, the results presented here clearly display 
a non-negligible surface dimming at different locations. In regard to such surface 
cooling, it appears now crucial to investigate its potential impact in terms of 
changes in regional Mediterranean climate. First, there is a need to better quantify 
how the change in solar irradiance at the sea/continental surface influences regional 
water cycles through modifications in evaporative, heat fluxes, and SST. Secondly 
and since the percentage reduction in the UV and the visible region is as large as 
10–20%, effects on terrestrial and marine biogeochemical cycles need to be exam-
ined. In particular, it should be interesting to study how the change in solar irradi-
ance at the sea surface influences the carbon cycle and marine biological 
productivity through photosynthesis changes.

2.2  Aerosol Direct Radiative Forcing at TOA

Unless specified, results in this subsection are for the shortwave domain. As reported 
in Table 1 and Fig. 1, large differences are observed between the surface and top of 
the atmosphere forcing over the Mediterranean region. Concerning dust aerosols, 
the radiative transfer computations performed at Lampedusa show that the presence 
of dust increases the part of incident radiation that is scattered back to space but in 
magnitudes significantly lower than the surface energy losses (Meloni et al., 2003, 
2004). Similarly, Saha et  al. (2008) indicate a diurnal direct TOA forcing of 
−7.7 W m−2, which is significantly lower than the one estimated at the surface. At 
the regional scale and using the RegCM3 regional climate model, Santese et  al. 
(2010) have indicated a daily-mean SW DRF for mineral dust outbreak of about 
~−3 W m−2 at top of the atmosphere. For some specific cases, model computation 
results put in evidence positive values of (SW) dust DRF at TOA for extremely 
absorbing mixed dust particles (Sicard et al., 2012). Di Biagio et al. (2010) esti-
mated a shortwave daily average DRF at TOA at the equinox at Lampedusa. 
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They found that the DRFTOA is about −14 W m−2 for desert dust, −5 W m−2 for pol-
luted/biomass burning particles, and −4 W m−2 for marine-mixed aerosol types.

For polluted aerosols, results are quite similar and radiative transfer computa-
tions performed by Roger et al. (2006) indicate a mean TOA DRF four times lower 
compared to the surface one, consistently with computations performed by Horvath 
et al. (2002), Markowicz et al. (2002), Meloni et al. (2003), and Saha et al. (2008). 
Over Crete Island, Vrekoussis et al. (2005) indicated a radiative effect ranging from 
−12.6 to −2.3 W m−2 at TOA for summer and winter (March 2001–June 2002), 
respectively. Over the Po Valley, where nitrate is an important source of aerosol 
emissions and over the Adriatic Sea, Highwood et al. (2007) report an instantaneous 
TOA aerosol forcing of −4 ± 2 W m−2 over vegetation and −8 ± 4 W m−2 over ocean 
during the Aerosol Direct Radiative Impact Experiment (ADRIEX) project in late 
summer 2004.

Bergamo et al. (2008) indicate that anthropogenic particles produce a significant 
cooling effect over coastal and land sites of the central Mediterranean. At the TOA, 
the monthly average DRF is −4 ± 1 W m−2 during spring-summer and −2 ± 1 W m−2 
during autumn-winter at the polluted sites. In parallel and based on MODIS Level 2 
data in the eastern Mediterranean (Crete), Benas et al. (2011) report that anthropo-
genic aerosol forcing can reach values of −4 W m−2 at TOA (monthly mean instan-
taneous values).

Based on RegCM3 climatological computations, Zanis et al. (2012) have indi-
cated a DRF of −3 W m−2 over the Iberian Peninsula and about −5 W m−2 (from 
their figure 2b) over the Mediterranean for anthropogenic (sulfate + carbonaceous) 
aerosols from 1996 to 2007. Recently, Drugé et  al. (2019) have proposed a first 
estimate of the nitrate DRF at TOA. On average over the period 1979–2016, it is 
found to be about −1.4 W m−2 over Europe. Formenti et al. (2002) indicate that, 

Fig. 2 Shortwave seasonal mean direct radiative forcing (W m−2) exerted by primary sea-spray 
aerosols at TOA: up left December–February; up right March–May; bottom left June–August; bot-
tom right September–November. MACC reanalysis data for the year 2006 from Inness et al. (2013)
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over the sea, the SW radiative forcing is up to −64 W m−2 at the surface and up to 
−22 W m−2 at TOA during an event of smoke aerosols. Sicard et al. (2012) have also 
documented smoke particles and showed significant instantaneous radiative forcing 
at TOA of about −13 W m−2 (at 17 UT) observed over Barcelona. Finally, Di Biagio 
et al. (2010) have reported a value of diurnal average DRF at the equinox and sum-
mer solstice, respectively, of about −5 (−13) and −6.5 (−17) W m−2 at the TOA 
(and surface) for urban-industrial plus biomass burning aerosols, corresponding to 
a FE of −19.2 ± 3.3 (−59.0 ± 4.3) W m−2 AOD−1  at the equinox and −23.3 ± 
4.1−75.6 ± 7.9) W m−2 AOD−1  at the summer solstice. During the EPL-RADIO 
campaigns (summer 2016–2017), Sellitto et al. (2020) have reported a daily radia-
tive forcing of about −4.5 W m−2 for volcanic aerosols 7 km downwind the Etna 
degassing craters.

Di Biagio et  al. (2009) have highlighted a significant sensitivity of the direct 
radiative effects exerted by aerosols over the Mediterranean to the varying SSA of 
particles. Similarly to what happens at the surface, for desert dust, the longwave 
effects compensate part of the shortwave radiative perturbation (Santese et al., 2010; 
di Sarra et al., 2011; Nabat et al., 2015; Meloni et al., 2018). The dust longwave 
radiative forcing at TOA is generally positive. Measurements at Lampedusa show 
that on a daily basis over the Mediterranean, the longwave effects offsets 26–35% 
of the shortwave radiation cooling (di Sarra et al., 2011; Meloni et al., 2015). As 
shown by Meloni et al. (2015), the longwave radiation emission by dust may lead to 
a net cooling of the atmosphere at specific altitude ranges even in daytime.

Concerning primary sea-spray aerosols, Nabat et  al. (2015) reported a mean 
DRF at the regional scale in the Mediterranean basin around −1 W m−2 at the sur-
face and at the TOA using the CNRM-RCSM4 model (simulation covering the 
period from 2003 to 2009). In addition, the (daytime) DRF of marine aerosols has 
been estimated during summer 2010 over the eastern Mediterranean (clear-sky con-
ditions) by Mishra et al. (2014) using satellite, in situ observations, and radiative 
transfer modeling. The direct radiative forcing exerted at the surface and at TOA are 
found to be between −5 and −10 W m−2 (wavelength range 0.25–20 μm). In paral-
lel, Lundgren et al. (2013) carried out a three-day computation (from July 24 to 26, 
2006) over the whole Mediterranean basin with the COSMO-ART model. For clear- 
sky conditions and over the whole area (continental and oceanic surfaces), the solar 
DRF was about −0.62 ± 3.71 W m−2 at the surface and −0.47 ± 3.21 W m−2 at 
TOA. More recently, Claeys et al. (2017) reported higher DRF (at local scale) of 
−11 ± 4 W m−2 at the surface and −8 ± 3 W m−2 at TOA during summer 2013. 
Marine aerosols also have the ability to interact with longwave radiation, but few 
estimates are available over the Mediterranean basin. Lundgren et al. (2013) have 
reported an estimate of the LW forcing of +0.19 ± 1.08 W m−2 at the surface and 
+0.05 ± 0.54 W m−2 at TOA.

Figure 2 shows the seasonal-averaged SW DRF exerted by primary sea-spray 
particles at TOA as derived from the MACC reanalysis data (Inness et al., 2013) for 
2006. Results indicate a significant seasonal variability with a maximum occurring 
during spring and summer. During the summer (JJA) season, DRF can reach 
~6 W m−2 over the eastern Mediterranean basin, notably due to the strong dry north 
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Fig. 3 Shortwave yearly-mean direct radiative forcing at TOA (W m−2) due to various aerosols in 
the Mediterranean region: up left primary sea spray; up right mineral dust; bottom anthropogenic 
aerosols. MACC reanalysis data for the year 2006 from Inness et al. (2013)

winds over the Aegean Sea. During spring (MAM), important DRF is also observed 
over the western basin with values around −2 to −3 W m−2. Compared to other 
aerosol regimes observed over the Mediterranean, the DRF due to marine particles 
is found to be similar to DRF exerted by anthropogenic aerosols. Figure 3 indicates 
yearly-mean (2006) DRF around −1 to −2 W m−2 at TOA for primary sea spray 
consistently with estimates provided by Nabat et  al. (2015). Compared to other 
natural aerosols, the DRF at TOA over the sea by marine aerosols is lower than the 
mineral dust solar forcing (~−5 to −8 W m−2; Fig. 3).

2.3  Trends in Surface Solar Radiation over 
the Mediterranean Basin

In parallel to the direct radiative forcing, the surface solar radiation (SSR) plays a 
vital role for the life on Earth as it controls the surface energy balance, the meteoro-
logical and climatic conditions, the water cycle, the plant photosynthesis and carbon 
cycle, and the diurnal and seasonal temperature variations (Mercado et al., 2009; 
Sanchez-Lorenzo et al., 2009; Wild et al., 2013). In addition to the greenhouse gas 
increase effect on the longwave radiative budget, the multi-decadal trends in solar 
radiation (global dimming/brightening phenomena) partly control (in addition to 
the global climate) the regional climate change, but the Mediterranean basin, as a 
whole area, has not been studied extensively. A recent work (Kambezidis et  al., 
2016) examined the evolution and trends of the surface net solar radiation. The solar 
dimming/brightening phenomenon is temporally and spatially analyzed over the 
Mediterranean basin based on MERRA (Modern Era Retrospective Analysis for 
Research and Applications) datasets.  Results show an increase in the spatially 
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averaged SSR over the whole Mediterranean basin of +0.36 W m−2 per decade dur-
ing the period 1979–2012. The SSR for all-sky conditions exhibited an overall 
increase of +2.1% from 1979 to 2012 over the whole Mediterranean basin in spring, 
while the respective variations in the other seasons were below 1%. However, statis-
tically significant trends in onthly SSR, either for all-sky or clear-sky conditions, 
were observed only in May (Kambezidis et al., 2016). The higher increase in SSR 
in spring was common for all Mediterranean regions (west: 6.67°W–7°E, central: 
7°E–21°E, east: 21–35°E), whereas the central part exhibited slight negative trends 
during autumn and winter. However, these tendencies were not statistically signifi-
cant except for June (west part), May (central and east parts), and spring (east part). 
Annual mean variations of SSR for all-sky conditions in the west, central, and east 
Mediterranean regions exhibited an increasing tendency, with a higher rate in the 
western region, which is statistically significant at 95% confidence level 
(+0.82 W m−2 per decade). The other two regions reveal slight and not statistically 
significant increasing trends in SSR. However, these trends presented less increas-
ing rates in the 2000s, in accordance with the results obtained in south Europe 
(Sanchez-Lorenzo et al., 2015). In general, the trends were higher (more positive or 
less negative) over the western Mediterranean, except in spring when the eastern 
Mediterranean exhibited higher increasing rates in SSR. An overall negative trend 
in SSR over the Mediterranean basin (2000–2007) was found by Hatzianastassiou 
et  al. (2012) based on satellite data, mostly detected over the sea and the north 
African coasts, while positive trends were observed over the Iberian Peninsula and 
Balkan countries during 2001–2006. In addition, a solar brightening was observed 
after the late 1990s over Europe (Ohmura, 2009; Wild et al., 2009) including Spain 
(Sanchez-Lorenzo et  al., 2009), Greece (Zerefos et  al., 2009), Israel (Stanhill & 
Cohen, 2009), and Italy (Manara et al., 2015, 2016). The comparison between the 
results from the various studies indicates a large variation or even reversible signs in 
the SSR trends attributed to the different periods used in the analysis, the different 
stations or spatial domains that are involved, and the various techniques, making the 
study of the solar dimming/brightening phenomenon over the Mediterranean a 
really difficult task (Kambezidis et al., 2016).

At local scales, long-term actinometric measurements verified the increasing 
tendencies in solar radiation computed via satellite observations and reanalysis. 
Recent analysis in Athens (Kambezidis, 2018) showed that the global solar radia-
tion exhibited a trend of +0.40% per decade during 1992–2017. For the case of clear 
skies, the trends were found to be +2.38% per decade, implying also a declining 
trend in cloudiness. Furthermore, it was found that the solar radiation in Athens had 
a winter trend of −2.46% per decade and a summer trend of +1.91% per decade 
during 1992–2017 (Kambezidis, 2018), whereas Kazadzis et al. (2018) revealed a 
+1.5% per decade in SSR in Athens during the brightening period (1980–2012). It 
was also found that the diffuse irradiance exhibited a trend of −5.19% per decade 
during 1992–2017 (Kambezidis, 2018), while under clear skies, the trend became 
−6.77% per decade. The declining trend in the diffuse radiation implies a decrease 
in aerosol amount or in cloudiness or/even both over the study location.
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3  Implication for Photochemical Processes and Solar 
Energy Production

3.1  Impact on Photolysis

Impact of aerosols on photochemistry in the Mediterranean is a relevant question 
due to the presence of persistent, occasionally strong loads of aerosols over the area 
together with strong concentrations of tropospheric ozone over the Mediterranean 
Sea (Richards et al., 2013; Dulac et al., 2023). Using lidar and total ozone observa-
tions at Thessaloniki, Greece, Balis et al. (2004) found that aerosols can change by 
10–25% the UV irradiance, thus being able to mask its changes due to total O3 
perturbations. The observational studies of Casasanta et al. (2011) and Gerasopoulos 
et al. (2012) have shown that the effect of aerosols on photolysis rates in this region 
is substantial. Both studies show a strong impact of aerosol screening on two key 
photolysis rates, namely, JO1D and JNO2. From sun photometer measurements at 
Lampedusa, Casasanta et al. (2011) have found a relatively linear effect of AOD at 
416 nm on ground-level JO1D, with a reduction of 62% in measured JO1D for a unit 
AOD when the solar zenithal angle is 60°. From long-term measurements at the site 
of Finokalia, Gerasopoulos et al. (2012) found a substantial climatological effect of 
aerosols, from −6% in both JNO2 and JO1D when the aerosol load is low down to 
−30% to −40% when the AOD exceeds 0.5, which is consistent with the findings of 
Casasanta et al. (2011). At the same location in the eastern Mediterranean, Benas 
et  al. (2013) identified maxima in the aerosol effect on JO1D in springtime and 
autumn, corresponding to the season of maximal occurrence of mineral dust plumes 
in this basin. They computed daily surface JO1D based on Terra MODIS aerosol 
optical depth data and total ozone MODIS and found a 13% decrease over a period 
of 11 years (2000–2010) at Finokalia station in the east Mediterranean, while daily 
effects of dust aerosol on JO1D as high as 10% reduction were found. Note that a 
stronger impact of dust aerosols on the actinic flux and the photolysis rates has been 
recorded in Beijing by Wang et al. (2019).

The effect of aerosols on photolysis rates is nowadays relatively well known and 
included in many chemistry-transport models such as Polyphemus (Real & Sartelet, 
2011) or CHIMERE (Mailler et al., 2016). It has been shown by Mailler et al. (2016) 
that the dominant aerosol species affecting photolysis rates at the station of 
Lampedusa during the ChArMEx/ADRIMED campaign was mineral dust, a con-
clusion similar to that for Crete from Gerasopoulos et  al. (2012). Mailler et  al. 
(2016) show that including the effect of aerosols on photolysis rates reduces 
CHIMERE model errors in the calculation of these rates and considerably improves 
the ability of the model to reproduce the observed day-to-day variations of the pho-
tolysis rate of ozone. Including the aerosol effects on photolysis rates has a double- 
edged impact on tropospheric ozone, reducing ozone production through NO2 
photolysis but also reducing ozone destruction through ozone photolysis. Using a 
chemical box model, Gerasopoulos et  al. (2012) calculated that a 24% and 5% 
reduction in JO1D and JNO2 noon values, respectively, results in 12% reduction in 
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Fig. 4 CHIMERE model simulations between June 6 and July 15, 2013, of (a) average effect of 
aerosols on JO1D (in %), (b) average effect of aerosols on JNO2 (in %), and c average difference 
of low-level ozone concentration (in ppbv) due to the aerosol radiative effect on photolysis. 
(Adapted from Mailler et al., 2016)

the mean diurnal net chemical production of O3 at Finokalia. The results of Mailler 
et al. (2016) with the CHIMERE model for their 6-week study period in June–July 
2013 suggest, as a result of these competing effects, (i) a slight reduction in ozone 
concentrations over the Mediterranean Sea, stronger over the east-west shipping 
highway that crosses the Mediterranean between the Suez Canal and the Gibraltar 
Strait, (ii) a reduction as well over the surrounding land in Europe, and (iii) an ozone 
concentration increase further south over the Saharan desert. According to these 
authors, the net effect of aerosols on ozone concentrations through modulation of 
the photolysis rates would be relatively weak, hardly more than 1 ppb on average 
during their study period (Fig. 4).

3.2  Impact of Aerosol Dimming on the Solar 
Energy Production

The Mediterranean region is highly influenced by aerosols coming from different 
sources (e.g., Lelieveld et al., 2002), which affects the radiative budget (through the 
direct/indirect effect), climate, deposition, and cloudiness in the region, so in the 
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end, the amount of solar energy available at the surface. Despite being a region with 
a high solar resource due to its latitude, there are areas highly impacted by aerosols, 
like desert areas or some polluted areas in northern countries whose solar energy 
production potential could increase with a reduction of these anthropogenic aero-
sols emissions (Gutiérrez et al., 2018). Evaluation of the solar potential has been 
usually done using satellite-derived products (Sengupta et al., 2017), due to the lack 
of solar irradiance measurements at the surface. Satellite products have a high spa-
tial resolution and have proven an accurate performance with low bias thresholds of 
errors (Posselt et  al., 2012). However, aerosol retrieval from satellites performs 
worse in areas of high reflectivity, making the resource assessment more difficult in 
arid areas, which are abundant around the Mediterranean basin and are also sources 
of natural dust aerosols (Sengupta et al., 2017). The state-of-the-art approach for the 
evaluation of long-term solar resources consists of a solar irradiance retrieval algo-
rithm from satellite, which is usually completed with a clear-sky model. The latter 
accounts mostly for the aerosol’s impact on solar irradiance. The AOD is the vari-
able usually considered in these algorithms, and it is generally included, as a 
monthly climatology, which means that they cannot account for the interannual or 
short-term variabilities of aerosols (Ruiz-Arias et al., 2016; Sanchez-Lorenzo et al., 
2017). Products with higher temporal resolution in aerosol input are becoming more 
frequent (Gschwind et al., 2019). A sensitivity of some satellite-based methods for 
solar irradiance to aerosols input was analyzed by Polo et al. (2014). An overestima-
tion of 50% in AOD causes an error in the global horizontal irradiance of 3%–5% in 
southeastern Spain. Long-term trends in solar irradiance caused by an increase or 
reduction of aerosol  concentrations, e.g.,  from anthropogenic sources like dur-
ing the brightening period observed in Europe since the 1980s (Wild, 2012; Nabat 
et al., 2014), have an impact on the potential PV power output. Changes in solar 
irradiance of up to about 3% by decade in areas of Central Europe on the horizontal 
plane and even higher for tilted and tracked panels,increase the resource and have 
an important impact on the PV production estimates over the lifetime of a power 
plant (Müller et al., 2014; Gutiérrez et al., 2018).

 PV Forecasting and Aerosol Impact over the Mediterranean Area

In order to manage the photovoltaic production intermittency, an energy forecast 
needs to be made by power plant owners and operators of the systems. The forecast 
can be made at different timescales ranging from minutes to several weeks ahead, 
and different methods are applied from statistical to physical models, usually depend-
ing on the forecasting horizon (Wild et al., 2015). Each model deals with aerosols in 
a different way (Inman et al., 2013). In the statistical methods, which are usually 
applied to a specific place, the availability of measurements of different atmospheric 
components at that location is important. Usually, some AOD satellite products, as 
well as aerosol type, are used but they are limited by their temporal resolution (Ruiz-
Arias et al., 2016). On the other hand, numerical weather prediction models (NWP) 
that are accurate to forecast solar irradiance from intra-daily (beyond 4 h) to several 
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days ahead (Perez et al., 2010) only include an AOD climatology, which has led to 
forecasting errors that generated big economic losses. For instance, the dust outbreak 
of April 14, 2014, over continental Europe ended in an overestimation of 5.3 GW of 
the PV electricity production in Germany (Rieger et al., 2017). The need to buy this 
missing energy at short notice in the intra-daily energy market caused a big economic 
damage. A combination of earth observation techniques and machine learning algo-
rithms is applied to estimate the impact of particulate matter in Egypt (Kosmopoulos 
et al., 2018), finding a reduction in daily energy of more than 4 kWh m−2 in a 10 MW 
plant, which can lead to important loss in daily revenues. Other studies have shown 
the impact on daily PV yield of different aerosol events around the Mediterranean 
area. In the Sahel zone, aerosols can potentially reduce the PV yield by 14%, and 
extreme events like dust storms can reach a −48% reduction (Neher et al., 2017). 
Other values are found in Romania, where the estimations show an impact of around 
20% in PV energy produced due to different types of aerosols: volcanic ash, desert 
dust, biomass burning, and urban aerosols (Calinoiu et  al., 2013). In the western 
Mediterranean, extreme events of dust and smoke have caused a sporadic decrease in 
PV daily yield of 34% and 5%, respectively (Gómez-Amo et al., 2019).

 Dust Deposition on PV Panels

Large-scale PV projects are sometimes developed in arid and semiarid areas, where 
a high concentration of atmospheric dust can be found. Apart from the reduction of 
solar irradiance from atmospheric aerosols, deposition (and accumulation) of dust 
over the optical surfaces also affects transmission and reflection of solar irradiance, 
causing a drop in the PV electricity production (El-Shobokshy and Hussein, 2013a; 
Sayyah et al., 2016). Several review articles on these soiling effects have been car-
ried out on this topic (Mani and Pillai, 2010; Sarver et al., 2013; Costa et al., 2016). 
In general, the impact of soiling on a PV power plant depends on different factors 
like the dust properties, the frequency of different dust episodes and rain events, and 
the tilt of the panels. A wide range of reduction in cell performance have been 
reported in different studies in the Mediterranean and Middle-East region (Mekhilef 
et al., 2012): 40% in a 6-month period in Saudi Arabia (Nimmo et al., 1981) or 32% 
in an 8-month period (Mani and Pillai, 2010). In Egypt, 66% reductions in perfor-
mance have been reported after 6 months exposure (Hassan et al., 2005), and in 
Algeria, 32-deg tilted panels have an 8% daily energy loss after several months 
(Semaoui et al., 2015). On the populated and relatively wet Algerian coast, a signifi-
cant soiling effect is produced by the dirt from deposition of dust and carbonaceous 
particles (Semaoui et al., 2020). From laboratory tests El-Shobokshy and Hussein 
(2013b) have shown that deposited particles consisting in small mineral dust and 
especially combustion-derived carbon generate a higher loss in power produc-
tion. Other studies in Spain have presented average daily energy losses around 4% 
in a year and higher for long periods without rain (Zorrilla-Casanova et al., 2011). 
The accumulation of particles on the surface depends on the tilt of the panels, the 
rate of deposition, and the removal due to enough wind speed. Strategies to prevent 
decrease in PV output and degradation due to soiling are needed.
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 Future PV Projections and the Role of Aerosols

Planification of future photovoltaic power plants, made by different stakeholders of the 
industry, can take advantage of modeling tools like climate model projections instead 
of relying on historical data. In Gaetani et al. (2014), the impact of future trends in 
anthropogenic aerosol emissions on photovoltaic potential is shown using a global 
climate model (ECHAM5-HAM) with simulations between 2000 and 2030 for the 
scenario SRES B2. In general, the future reduction in aerosols results in an increase in 
the projected global warming. This indirectly results in an increase in PV productivity 
with more clear and less cloudy conditions in western Europe and eastern Mediterranean 
(10%). A reduction in PV productivity is projected in northern Africa due to augmented 
cloudiness (Gaetani et al., 2014). A positive trend has also been projected in Europe for 
the midcentury, using CMIP5 models and the RCP8.5 scenario, partly due to a positive 
trend in clear-sky radiation that is likely related to a decrease in aerosol burdens (Wild 
et al., 2015). Different studies have also evaluated photovoltaic future potential in the 
Euro-Mediterranean area using higher- resolution regional climate  models (RCMs), 
and they project an overall decrease in PV productivity over the Mediterranean area, 
more important in central and northern Europe. However, the limited representation of 
aerosols in the simulations makes it impossible to evaluate their impact on future PV 
potential, and it adds uncertainty to the power projections presented. Nevertheless, 
RCMs including evolving aerosols have simulated an increase in near-future PV poten-
tial of up to +10% in summer in central and eastern Europe with uncertainty in magni-
tude related to the model (Gutiérrez et al., 2020).

4  Radiative Forcing of Tropospheric Ozone

Tropospheric ozone is a secondary anthropogenic pollutant (see Kalabokas et al., 
2023 for a review of ozone studies in the Mediterranean region) and a short-lived 
greenhouse gas. The Intergovernmental Panel on Climate Change (IPCC) current 
best estimate for global mean tropospheric ozone RF over the industrial era is 
0.4 ± 0.2 W m−2 with a 5–95% confidence interval, making tropospheric ozone the 
third most important anthropogenic greenhouse gas after CO2 and CH4 (Myhre 
et al., 2013). This is also confirmed by the recent Copernicus Atmosphere Monitoring 
Service (CAMS) RF estimate for tropospheric ozone based on the CAMS Reanalysis 
(Huijnen et al., 2020), which is 0.32 W m−2. The concentration and distribution of 
tropospheric ozone in the present day are well constrained by satellite observations, 
resulting in robust estimates of the present-day RF of tropospheric ozone (Rap 
et al., 2015). Estimates of present-day tropospheric ozone annual mean radiative 
effect using the TOMCAT-GLOMAP model are 1.17 ± 0.03 W m−2 globally and 
1.63 W m−2 over the Mediterranean region (defined here as 28°N–47°N, 9°W–36°E) 
(Rap et al., 2015; Rowlinson et al., 2019). The large uncertainty range in global 
mean RF (0.2–0.6 W m−2) is primarily caused by the poor understanding of prein-
dustrial ozone concentrations, due to a lack of reliable pre-industrial (PI) measure-
ments (Myhre et al., 2013; Stevenson et al., 2013). Ozone is not stable in ice or 
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snow, meaning proxy records are not available, and although measurements of tro-
pospheric ozone exist as far back as the late nineteenth, the accuracy and coverage 
of these early measurements are limited (Volz & Kley, 1988; Cooper et al., 2014). 
As well as anthropogenic sources, ozone precursors such as CH4, CO, and NOx have 
natural emission sources such as wildfires, wetlands, lightning, and biogenic emis-
sions. The role of these natural sources in the PI era is highly uncertain, introducing 
a large uncertainty when attempting to simulate tropospheric ozone in the PI atmo-
sphere. Checa-Garcia et al. (2018) found that differences in PI estimates between 
Coupled Model Intercomparison Project phase 5 (CMIP5) and CMIP6 cause an 
8%–12% variation in ozone RF estimates but did not explicitly assess uncertainty in 
natural PI emissions. A recent analysis of oxygen isotopes in polar ice cores by 
Yeung et al. (2019) indicates that tropospheric ozone in the northern hemisphere 
increased by less than 40% between 1850 and 2005, suggesting that global mean 
tropospheric ozone RF is likely lower than the 0.4 W m−2 IPCC estimate.

Annual mean tropospheric ozone in the Mediterranean basin is characterized by 
high concentrations in the east Mediterranean, with lower ozone in the north 
Mediterranean and Adriatic Sea (Fig. 5a). Background tropospheric ozone concen-
trations in the eastern Mediterranean are among the highest in the world due to 

Fig. 5 TOMCAT-GLOMAP simulated tropospheric ozone in the Mediterranean region: (a) 
Annual mean tropospheric ozone burden (Mg m−2 averaged over 1997–2015). (b) Seasonal cycle 
of simulated mean tropospheric ozone concentrations (ppbv), with error bars showing one standard 
deviation of the monthly means over the period. (c) Geographical distribution of the annual mean 
preindustrial to present-day stratospherically adjusted radiative forcing (W m−2) of tropospheric 
ozone. (d) Seasonal cycle of the global mean preindustrial to present-day tropospheric ozone radi-
ative forcing (W m−2). (Adapted from Rowlinson et al., 2020)
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enhanced photochemical production (Zanis et al., 2014), stratospheric injection of 
ozone (Akritidis et  al., 2016), and being at the “crossroad” of emissions from 
Europe, Asia, and Africa (Lelieveld et al., 2002; Zerefos et al., 2002). High solar 
intensity and low cloud cover conditions mean the Mediterranean region exhibits a 
pronounced summertime maximum in tropospheric ozone concentration (Fig. 5b; 
Kanakidou et al., 2011; Richards et al., 2013; Zanis et al., 2014; Kopanakis et al., 
2016). In situ observations show that summer concentrations regularly exceed 
European Union (EU) target levels, up to 88% of the time over a 7-year period at the 
Akrotiri monitoring station in Greece (Kopanakis et  al., 2016). Richards et  al. 
(2013) found that tropospheric ozone in the Mediterranean region is sensitive to 
natural volatile organic compounds emissions, whereas surface ozone is most sensi-
tive to local anthropogenic NOx emissions.

Tropospheric ozone RF since the preindustrial era is largest over the south and 
eastern Mediterranean (Fig.  5c), with a TOMCAT-GLOMAP model estimated 
Mediterranean region mean of 0.74  W  m−2 when using CMIP6 present-day and 
preindustrial emissions (Rowlinson et al., 2020). Uncertainty in preindustrial condi-
tions (Hamilton et al., 2018; Rowlinson et al., 2020) means that this estimate might 
be in fact substantially lower. Using the TOMCAT-GLOMAP simulations from 
Rowlinson et  al. (2020), we estimate this could be as low as 0.49  W  m−2 when 
accounting for uncertainty in biogenic and biomass burning emissions in 1750. 
Strong localized forcing due to high tropospheric ozone production in the central 
and southeast Mediterranean may cause changes in atmospheric dynamics. Richards 
et al. (2013) showed that ozone in the upper troposphere, where ozone has the larg-
est radiative effect, is most sensitive to global emissions rather than local sources, 
necessitating global action on emissions to mitigate the regional climate impact. 
Interestingly, unlike the seasonal cycle of present-day regional tropospheric ozone 
concentrations (Fig. 5b), the tropospheric ozone RF over the Mediterranean region 
is larger in winter (Fig. 5d). Therefore, while the summer tropospheric ozone maxi-
mum is problematic for air quality, the climatic impact due to anthropogenic emis-
sions is relatively larger during the winter months.

5  Conclusion and Recommendations

The direct radiative effects exerted by aerosols and tropospheric ozone are now well 
documented at the local and regional scales by a large number of studies. Most of 
the direct aerosol effect estimates have been done in the solar spectral range. Based 
on the available literature, there is a clear consensus showing that Mediterranean 
aerosols exert a large and variable direct radiative effect at the surface and TOA. At 
the basin scale, this negative annual mean DRF is even larger in absolute value than 
the greenhouse gas positive forcing. However, the decrease in sulfate aerosol during 
the last decades has contributed by about 20–25% to the surface warming in the 
Euro-Mediterranean region between 1980 and 2012 (Nabat et al., 2014).

Aerosol and Tropospheric Ozone Direct Radiative Impacts
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Fig. 6 Annual average shortwave direct radiative effect (in W m−2) of anthropogenic tropospheric 
aerosols: Top left at the surface; top right at the TOA; and bottom within the atmosphere. MACC 
reanalysis data for the year 2006 from Inness et al. (2013)

The direct radiative forcing exerted by desert aerosols in the longwave spectral 
range has been demonstrated locally, but few studies have been carried out at 
regional and climatic scales. An effort could be made using updated optical proper-
ties (Di Biagio et al., 2020). In addition, the analysis of current decadal time series 
of dust data over the Mediterranean from research infrastructures and satellites (in 
particular CALIPSO) would be very informative.

A lot of studies report important differences between the surface and the TOA 
DRF of aerosols, indicating that an important part of solar radiation is absorbed 
within absorbing aerosol layers (anthropogenic, mineral dust, and smoke, typi-
cally), producing an important heating. Figure  6 indicates that the yearly-mean 
atmospheric forcing due to anthropogenic particles can reach important values of 
about 5–10 W m−2 over the Mediterranean basin. In that context, more mesoscale 
and RCM simulations are needed to quantify the semi-direct effect of natural/
anthropogenic aerosols on the thermodynamic properties of the atmosphere and the 
circulation at regional and event/climatic scales. It appears also crucial to investi-
gate more deeply the impact of the DRF of aerosols over both continental and 
marine surfaces on the Mediterranean climate, and more specifically the impact on 
humidity fluxes between the sea and the atmosphere and more largely the hydro-
logical cycle. For this, coupled atmosphere-ocean models seem necessary because 
they can account for changes in sea surface temperature and evaporation due to the 
aerosol dimming at the surface (Nabat et al., 2014, 2015).

It would also be very interesting to study the effects of aerosol radiative forcing 
on air quality through the impact of absorbing polluted aerosols on the boundary 
layer development (Péré et al., 2011).

In parallel, investigating the possible link between the aerosol DRF and some 
characteristics of the Mediterranean heat waves (intensity, duration), especially for 
mineral dust and anthropogenic particles, should also be a priority for future 
research given the expected regional climate change and positive aerosol feedback 
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on heat waves (Pace et al., 2005; Hodzic et al., 2007; Nabat et al., 2015). The aero-
sol radiative impact on PV production is an issue of recent concern, especially 
driven by the need of energy production and distribution networks to have accurate 
forecasts of the daily production yield. More studies dedicated to the impact of 
aerosols on solar energy production (by both reduction of surface solar radiations 
and wet/dry deposition) are needed in the context of the energy transition toward 
renewable energy sources, especially over the southern Mediterranean and islands.

The radiative effect of tropospheric ozone is the strongest in the eastern 
Mediterranean during the summer maximum, but the influence of anthropogenic 
emissions is the greatest in winter, as the summer maximum is primarily driven by 
meteorological conditions. Further research is needed to understand the impact of 
strong regional forcing due to tropospheric ozone on atmospheric dynamics and 
chemistry, including how elevated ozone and OH production interact with other pol-
lutants. Studies should also focus on how effective future emissions reduction sce-
narios will be at decreasing tropospheric ozone in the Mediterranean basin, 
contrasting the projected changes in climate which may enhance ozone production 
and counteract mitigation measures (Meleux et al., 2007; Jaidan et al., 2018).
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Abstract Aerosols interact with clouds through radiative and microphysical mech-
anisms in addition to their direct radiative effects of scattering and absorbing of 
solar and thermal radiation. Aerosol indirect effects consist of the modification of 
cloud droplet number concentrations, cloud albedo, and ice-nucleating particle con-
centrations with ensuing effects on precipitation through aerosol perturbations. 
Different aerosol types present over the basin, notably dust, sea salt, and anthropo-
genic, contribute to the formation of cloud condensation and ice-nucleating parti-
cles, thus modifying cloud parameters. These processes notably occur during the 
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frequent dust outbreaks over the Mediterranean Sea. Besides, the semi-direct aero-
sol effect, namely, changes in cloud cover and atmospheric dynamics due to aerosol 
absorption, is another impact on regional climate. Regional climate simulations 
including aerosol-cloud interactions highlight the importance of considering aero-
sols, even if uncertainties are still important notably with regard to effects on cloud 
microphysics. To date, the direct and semi-direct effects seem to have larger impacts 
on the average radiative budget over the Mediterranean than the cloud-albedo indi-
rect effect, but the question remains open concerning other indirect effects. 
Therefore, more observations of these interactions coupled with numerical simula-
tions considering all these processes are needed to reduce uncertainties.

1  Introduction

1.1  Climate-Aerosol Interactions

Atmospheric aerosols play an essential role in the climate system through different 
mechanisms. First of all, they interact with radiation insofar as they are able to 
absorb and scatter solar radiation and absorb and emit thermal radiation. This is 
known as the direct effect (Haywood & Boucher, 2000) and has been documented 
in the previous chapter (Mallet et al., 2022). The second, main impact of aerosols on 
climate is due to their interactions with clouds. Indeed, aerosols are known to act as 
cloud condensation nuclei (CCN) and ice-nucleating particles (INP) and thus impact 
the formation and the life cycle of clouds (Pruppacher & Klett, 1980). These effects 
are known as indirect aerosol effects (Lohmann & Feichter, 2005) and belong to 
what is now called aerosol-cloud interactions (Boucher et al., 2013). In addition to 
these direct and indirect effects, atmospheric circulation and dynamics can also be 
affected by local warming due to aerosol absorption of solar light, with ensuing 
effects on cloud cover and precipitation. These processes are referred to as semi- 
direct effects (Hansen et al., 1997; Johnson et al., 2004). All these effects have sig-
nificant consequences on global and regional climate. This chapter will specifically 
deal with aerosol-cloud interactions and their impact on the regional climate over 
the Mediterranean area.

1.2  Aerosol Indirect Effects

Aerosol indirect effects are a generic term to refer to all effects arising from pro-
cesses involving aerosol particles and cloud microphysics. They include notably 
cloud droplet activation and ice nucleation which lead to the formation of cloud 
droplets and ice crystals, respectively. Aerosols can alter warm, ice, and mixed- 
phase cloud formation processes by increasing droplet number concentrations and 

P. Nabat et al.



405

ice particle concentrations. The various identified aerosol indirect effects are com-
plex and interlinked. The first one has been identified by Twomey (1959), consisting 
of an enhanced number of cloud droplets due to the presence of aerosols. These 
cloud droplets have reduced sizes for a similar liquid water path (LWP), resulting in 
an increased cloud optical thickness, that is to say an increase in the cloud albedo, 
which could lead to surface cooling. Besides, the more numerous but smaller cloud 
droplets inhibit precipitation formation efficiency and therefore increase the cloud 
lifetime, LWP, and cloud fraction (CF), which is referred to as the Albrecht effect or 
second indirect effect (Albrecht, 1989). This effect could be as large as the Twomey 
effect. This change in droplet size can also induce changes in the cloud top height 
(Pincus & Baker, 1994). Aerosols may thus lead to an increase in cloud optical 
thickness due to a combination of reduction in cloud droplet radius and increased 
water content. However, this simple chain of events has been challenged for warm 
stratocumulus clouds (Ackerman et al., 2004) and shallow cumulus (Jiang et al., 
2006). The latter studies confirmed a reduction in precipitation with increasing 
aerosol but showed both positive and negative responses of parameters such as LWP 
and CF. Aerosols perturbing pristine convective clouds have also been proposed to 
result in the same amount of surface precipitation due to convective invigoration 
despite the slower conversion of cloud droplets to precipitation in polluted condi-
tions (Rosenfeld et al., 2008). Furthermore, Koren et al. (2012) have shown that 
aerosols could intensify precipitation events in the lower and midlatitudes. As a 
matter of fact, these different studies show that it is difficult to establish climatically 
meaningful relationships between aerosols, clouds, and precipitation (Stevens & 
Feingold, 2009). More recently, Fan et al. (2018) have highlighted the role of ultra-
fine aerosol particles (less than 50 nm in diameter) in enhancing convection and 
precipitation although they are too small to serve as CCN at cloud base.

Moreover, the complex interactions between particles and clouds depend on the 
characteristics of particles in question (concentration, size distribution, chemical 
composition, hygroscopic properties, mixing state) and the type of clouds involved 
(continental or maritime, convective or stratiform, cold or warm). Aerosols, on 
which cloud droplets form, determine the initial concentration and sizes of the drop-
lets, influence the effectiveness of precipitation production, and affect cloud radia-
tive properties. For instance, even insoluble particles like dust and biomass burning 
aerosols may affect convective clouds if coated with a small amount of soluble 
material (Levin et  al., 1996; Kaufman & Fraser, 1997; Ackerman et  al., 2000; 
Roberts et al., 2003; Levin et al., 2005). In return, the clouds affect the aerosols by 
modifying their size, concentration, and chemical composition due to heteroge-
neous reactions (see also the chapter by Michoud, 2022). Particles are modified by 
various chemical reactions that take place in the drops (or in ice crystals), and their 
concentration in the atmosphere is modified through various scavenging processes. 
Since most clouds evaporate and do not precipitate, aerosols of different composi-
tions are released back into the atmosphere after droplet evaporation (Levin et al., 
1996; Wurzler et al., 2000; Yin et al., 2002). For example, the study of Wurzler et al. 
(2000) shows that the interaction of insoluble mineral dust particles with clouds 
modifies the composition and size of the particles that are released into the 
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atmosphere following cloud evaporation. Laboratory measurements indicate that 
dust particles may become better CCN after cloud processing (Kumar et al., 2011; 
see also the chapters by Becagli, 2022 and Denjean, 2022). These modified particles 
can serve as giant cloud condensation nuclei (GCCN) and thus can have a signifi-
cant impact on the microphysical characteristics and the formation of precipitation 
in subsequent clouds (Rosenfeld et al., 2001).

It must be borne in mind that the treatment of aerosols and clouds in climate 
models encounters large uncertainties because of the complexity of these mecha-
nisms and the large range of scales of these interactions (Seinfeld et  al., 2016). 
Numerous observations of various types (remote sensing, in situ) are increasingly 
being used to constrain model simulations. The use of fine-scale models is helpful 
to represent clouds, aerosols, and aerosol-cloud interactions with high fidelity and 
to consider specificities of regions such as the Mediterranean area. The interactions 
with the larger scale are however absent from these regional models.

1.3  Other Cloud-Aerosol Interactions

With regard to the semi-direct effect of aerosols, several studies have focused on the 
inhibition of cloud formation (Ackerman et  al., 2000; Ramanathan et  al., 2001; 
Koren et  al., 2004; Johnson et  al., 2004; Ramanathan et  al., 2007). This aerosol 
effect has a strong impact on the radiative balance but is also very sensitive to the 
vertical distribution of aerosols and clouds (Penner et  al., 2003; Johnson et  al., 
2004). Studies have shown that absorbing aerosol particles in a cloud layer could 
increase evaporation of droplets, whereas an absorbing aerosol layer warming the 
air above a cloud deck (e.g., stratocumulus) could result in a thicker cloud via the 
reduction of above cloud subsidence and dry intrusions (Wilcox, 2010). The cloud 
adjustments to absorbing aerosol such as black carbon can thus partially offset or 
reinforce the cooling due to the indirect aerosol effect (Penner et al., 2003; Johnson 
et al., 2004). Both the second indirect effect and the semi-direct effect involve feed-
back because of cloud lifetime and liquid water content changes.

1.4  Clouds and Aerosols Over the Mediterranean

Undoubtedly, the aerosol types, seasons, and regions of interest influence the 
impacts of aerosols on regional climate. As the Mediterranean is a crossroads of 
various natural and anthropogenic aerosol types (Lelieveld et al., 2002), their inter-
actions with clouds and climate are all the more complex. For example, the presence 
of mineral dust and especially the high percentage of mixtures of mineral dust and 
sea salt raise questions about the potential effects of these particles in cloud forma-
tion processes and precipitation development. Previous works have shown that large 
dust particles coated with soluble material are efficient CCN (Levin et al., 1996) and 
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that mineral dust particles are also efficient INPs (Grosch & Georgii, 1976; DeMott 
et  al., 2003). Anthropogenic particles coming from European sources (transport, 
industries) as well as ship transport are also responsible for the presence of CCN 
over the Mediterranean Sea. All these issues will be discussed in the following para-
graphs, based on both observation (in situ, satellite data) and modeling studies.

2  Aerosol-Cloud Interactions By Aerosol Type

2.1  The Case of Dust Particles

Mineral dust is the major source of coarse aerosol particles in the Mediterranean, 
together with sea-salt particles. They mainly come from the Saharan desert, from 
which they are frequently transported over the Mediterranean Sea (Moulin et al., 
1998; Israelevich et al., 2012; Gkikas et al., 2013). Their optical properties make 
them able to both scatter and absorb solar radiation, which leads to a reduction in 
incoming solar radiation at the surface, with ensuing cooling as shown by several 
studies over the Mediterranean area (e.g., Spyrou et al., 2013; Flamant et al., 2015; 
Nabat et al., 2015a; Gkikas et al., 2018). Dust aerosols also have the ability to affect 
cloud microphysics through ice particle formation and to act as CCN through their 
coating by other aerosol types such as sea salt and sulfate (for more details, see 
Denjean, 2022).

In particular, dust aerosols play a role in the formation of giant cloud condensa-
tion nuclei (GCCN) as shown by Levin et  al. (2005). These GCCN can notably 
enhance the development of the large drops, leading to enhanced growth by collec-
tion and rapid development of the rain (Johnson, 1982; Cooper et  al., 1997; Yin 
et al., 2000; Teller & Levin, 2006). They have thus a positive effect on the amount 
of rain in continental clouds but have a negligible (even slightly negative) effect in 
maritime clouds. Levin et al. (2005) have used size distribution and chemical com-
position of the aerosols measured during a dust storm in the Mediterranean region 
as initial conditions for simulating cloud development. They concluded that the 
amount of rain falling from a maritime cloud is generally much higher than from a 
continental cloud. However, the development of the warm rain process in the latter 
case is enhanced when allowing the soluble component of the mixed aerosols to act 
as an efficient GCCN and ignoring the ice-nucleating ability of the mineral dust. 
They also infer that the role of mineral dust particles acting as efficient INP reduces 
the amount of rain on the ground compared to the case when they are inactive. When 
the dust particles are active as both GCCN and effective INP, the continental clouds 
become wider, while the effects on the more maritime clouds are very small. It was 
also found that the rapid growth of large drops enhances ice formation in colder 
convective clouds through the more efficient freezing of drops. This efficient pro-
duction of large drops and ice particles modifies the time, the amount, and the dis-
tribution of the precipitation. In contrast, when the concentration of small nuclei is 
low, as that in maritime clouds, the effect of these GCCN is insignificant and the 
total precipitation remains unaltered. On the other hand, for both marine and 
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continental clouds, inclusion of the effects of INP by dust particles tends to delay 
the initiation of the rain and leads to a reduction in the total rainfall amount as com-
pared with the cases having only GCCN.

Satellite observations and in situ measurements have also been used to show that 
desert dust aerosols might also suppress precipitation in marine clouds (Rosenfeld 
et al., 2001; Mahowald & Kiehl, 2003). The latter two studies found a strong rela-
tionship between thin cloud properties and mineral dust concentrations over North 
Africa. In fact, the introduction of modified dust into the clouds has two competing 
effects (Yin et al., 2002). The large particles acting as GCCN produce larger drops 
which tend to rapidly form precipitation by collecting small drops formed on the 
large number of small CCN particles. At the same time, the larger concentrations of 
drops compete for the available water vapor. Thus, the drops may be smaller, reduc-
ing the efficiency of precipitation.

More recent studies have relied on regional climate simulations to confirm the 
role of dust in CCN and INP formation. Bangert et al. (2012) reproduced a strong 
Saharan dust outbreak over Europe in May 2008 using the regional climate model 
COSMO-ART, including a two-moment cloud microphysics scheme coupled with 
comprehensive parameterizations of aerosol activation and ice nucleation. Even if 
dust aerosols do not significantly modify the cloud droplet number concentration, 
the simulation highlights the impact of dust on clouds under specific temperature 
conditions, namely, between the freezing level and the level of homogeneous freez-
ing. In this case, the number concentration of ice crystals is found to be strongly 
related to dust particles because of their efficient heterogeneous freezing. Dust aero-
sols thus modify the glaciation of mixed phase clouds, with ensuing effects on cloud 
optical properties that lead to optically thicker clouds, which scatter more efficiently 
shortwave radiation. As a result, Bangert et al. (2012) have found that the combined 
direct and indirect effects of dust aerosols caused a decrease in the incoming short-
wave radiation at the surface of up to −75 W m−2 and a cooling of −0.2 to −0.5 K 
(locally −1.0  K) during this dust outbreak. However, at lower temperatures, the 
effects of dust particles are weaker because of a competition with the homogeneous 
freezing of liquid aerosol particles for water vapor during the ice nucleation. The 
same kind of dust outbreak was also studied by Bègue et al. (2015), who simulated 
the transport of dust over the Mediterranean and Europe with Meso-NH in May 
2008 during the EUCAARI campaign. Their analysis puts forward heterogeneous 
reactions between dust and inorganic salts, making dust particles soluble enough to 
impact hygroscopic growth and cloud droplet activation. Another study by 
Abdelkader et al. (2015) focused on two dust events over the eastern Mediterranean 
in September 2011 has highlighted the role of synoptic disturbances and frontal 
systems in the transport of dust particles in this region. Using simulations with the 
atmospheric chemistry model ECHAM5/MESSy2 and back trajectory analysis, 
these authors have shown that frontal systems associated with precipitation control 
dust removal processes, thus impacting dust aging, increasing particle size, dust 
deposition, and scavenging efficiency during transport.
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Beyond these case studies, Hande et al. (2015) have studied the impact of dust on 
ice nucleation at a seasonal timescale. They used the COSMO-MUSCAT regional 
climate model to estimate dust concentrations and their role as ice-nucleating par-
ticles during 2008. Dust concentrations are indeed highly variable over Europe and 
the Mediterranean between seasons, with the highest concentrations and variability 
in the lower to mid-troposphere, where the increase of potential INP concentrations 
is exponential with height. Spring has been found to be the season with the highest 
dust concentrations over Europe, and therefore the highest potential INP, contrary to 
summer, about an order of magnitude weaker.

2.2  The Case of Sea-Salt Particles

Sea-salt aerosols constitute the other main natural aerosol type present over the 
Mediterranean region. Like other aerosol particles, they are able to scatter solar 
radiation (de Leeuw et al., 2011) and to a lesser extent thermal radiation (Li et al., 
2008). In addition, they can act as CCN because of their size and hygroscopic prop-
erties and thus impact marine cloud properties and lifetime (Pierce & Adams, 2006; 
Korhonen et al., 2008). Sea-salt aerosols are more CCN active than sulfate particles 
because of their larger size and lower supersaturation threshold required for their 
activation (O’Dowd et al., 1999). At the global scale, the direct radiative effect of 
sea-salt aerosols is well established, ranging from −0.38 to −0.65 W m−2 (Reddy 
et al., 2005; Ma et al., 2008; Ayash et al., 2008; Partanen et al., 2014) with stronger 
values over the Southern Ocean. On the contrary, the estimation of the indirect 
effect is more uncertain. While Ma et al. (2008) have found a larger negative indi-
rect forcing of sea-salt aerosols (−2.9 W m−2), Ayash et al. (2008) have shown that 
indirect sea-salt aerosol effects were weaker than their direct radiative effects, and 
Partanen et al. (2014) have even identified a positive global indirect effect, putting 
forward competition effects. All these uncertainties argue for a better estimate of 
sea-salt climate effects at the regional scale.

Over the Mediterranean, the direct sea-salt aerosol effects have been estimated 
by Zakey et  al. (2008) using the regional climate model and by Lundgren et  al. 
(2013) using the nonhydrostatic online-coupled regional-scale model system 
COSMO-ART for case studies under conditions of low to moderate wind speeds. 
The resulting clear-sky shortwave and longwave radiative budgets are found to be of 
the same order of magnitude but with opposite signs. Therefore, the net radiative 
effect of sea salt is close to zero, hence a weak impact of sea salt on surface tempera-
ture. However, this conclusion is only relevant for clear-sky conditions without con-
sidering the indirect effects of sea salt. The latter has been discussed by Kallos et al. 
(2016), focusing on low cloud formation over the southern Aegean and eastern coast 
of the Mediterranean. High sea-salt loads are indeed observed in this area. Using the 
modeling system RAMS/ICLAMS, they simulate the cloud formation of mixed 
stratiform clouds and low-level cumulonimbus around Crete. The combination of 
sea-salt and dust particles can lead in deep convection through orographic lifting 
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and activation of ice nucleation processes. The authors conclude that in this case 
with slow lifting and thermal updrafts, sea-salt particles influence mainly the cloud 
droplet number concentration.

2.3  The Case of Anthropogenic Particles

Anthropogenic particles are also known to have both direct (Charlson et al., 1992) 
and indirect effects (Boucher, 1995). As for sea-salt particles, their direct radiative 
forcing is better understood than their indirect forcing, probably because of the 
complexity of cloud system responses to aerosol perturbations that complicates the 
estimation of indirect effects (Boucher et al., 2013). Sulfate particles brought the 
highest contribution to the anthropogenic aerosol forcing which is negative at the 
global scale (Myhre et al., 2013), but nitrates (Bellouin et al., 2011; Drugé et al., 
2019) and secondary organic aerosols (Scott et  al., 2014) also have significant 
impacts, which consist also in negative radiative forcing. The role of black carbon 
particles is however different because of their absorbing properties that tend to 
warm the atmosphere (Chin et al., 2009; Myhre & Samset, 2015). The Mediterranean 
region is also affected by all these anthropogenic particles, coming essentially from 
European sources, Middle East and North African cities, and ship transport.

The effective radiative forcing (ERF) of anthropogenic aerosols can be estimated 
with global simulations from the sixth Coupled Model Intercomparison Project 
(CMIP6), in which specific simulations using preindustrial (1850) and 2014 aerosol 
concentrations have been carried out (Smith et al., 2020). The ERF is calculated 
according to the Ghan (2013) methodology, which enables us to retrieve separately 
the aerosol-radiation and the aerosol-cloud interactions (ERFari and ERFaci, 
respectively). Figure 1 presents the average over the Mediterranean from six CMIP6 
models, for which this calculation of ERF is possible, thanks to available radiation 

Fig. 1 Effective radiative forcing of anthropogenic aerosols at the top of the atmosphere estimated 
from multi-model CMIP6 simulations by difference between 2014 and 1850, separated between 
aerosol-radiation (ERFari) and aerosol-cloud (ERFaci) interactions. (Adapted from Smith 
et al., 2020)
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fluxes with and without aerosols (double-call radiation). The resulting ERFari at the 
top of the atmosphere is on average −0.51 W m−2, in addition to −0.86 W m−2 for 
ERFaci. The highest forcing is located over the eastern basin. Note that these ERF 
values are in absolute values lower than the one of anthropogenic greenhouse gases 
(2.85 W m−2). It can also be inferred that anthropogenic aerosol-cloud interactions 
could have a larger radiative forcing over the Mediterranean than aerosol-radiation 
interactions, even if we must bear in mind that uncertainties are important since the 
respective confidence intervals at 95% of ERFari and ERFaci calculated for this 
ensemble of six CMIP6 models are ±0.76 and ± 0.96 W m−2, respectively.

Because aerosols show much more variability at smaller time and space scales 
than greenhouse gases (e.g., Le Treut et al., 1998), it is of interest to study their 
radiative forcing at the regional scale with higher-resolution models. The first mod-
eling study using a regional model to estimate the anthropogenic aerosol effects 
over Europe and the Mediterranean area was carried out by Ekman and Rodhe 
(2003). They used the RCA2 regional climate model including tropospheric sul-
phate particles and a parameterization of their cloud-albedo effect to estimate the 
Twomey effect during 1993. The result was an anthropogenic sulfate indirect effect 
between −2.7 and −2.5 W m−2, and a corresponding annual mean surface tempera-
ture response of −0.4  K over the model domain (western Europe and northern 
Mediterranean). With regard to direct and semi-direct effects, Zanis (2009) has 
found a negative radiative forcing over Europe and the Mediterranean during sum-
mer 2000, using RegCM3 regional simulations. This negative forcing leads to a 
decrease in surface temperature by sulfate particles of up to 1.2 K over the Balkan 
Peninsula and southern Europe. Semi-direct mechanisms have also been identified 
insofar as sulfate aerosols induced changes in the circulation with a southward shift 
of the subtropical jet stream. These climate effects were better assessed in Zanis 
et  al. (2012), using the same model but over a longer period (1996–2007). The 
annual average effect of anthropogenic aerosols on near-surface temperature was 
smaller (up to −0.2 K over the Balkan Peninsula) than in previous case studies, but 
it is associated with changes in atmospheric circulation. The maxima in aerosol 
loads are indeed uncorrelated with effects on surface temperature.

3  Implications for Regional Climate

3.1  Impact of Aerosol-Cloud Interactions on Regional 
Radiative Budget

After analyzing the aerosol effects on clouds and climate by aerosol species, this 
section aims at summarizing these effects at the scale of the Mediterranean area for 
the whole aerosol load. First of all, it is worth mentioning that the average direct 
effect of aerosols over the Mediterranean area has been estimated with both satellite 
and model data. Papadimas et al. (2012) have used MODIS data to find a direct 
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radiative forcing of aerosols of −16.5 W m−2 at the surface and −2.4 W m−2 at the 
top of the atmosphere (TOA). These values are close to those given by regional 
climate models: Nabat et al. (2012) have, respectively, found at the surface and at 
TOA −10.3 and −3.1 W m−2; Nabat et al. (2015b), −19.9 and −7.8 W m−2; and 
more recently, Drugé et al. (2019), −8.7 and −2.4 W m−2. Differences in model 
estimates may be attributed to the way aerosols are represented in the models (e.g., 
with monthly mean AOD values or interactive variables) and/or to the representa-
tion of radiation and clouds.

In addition to these direct effects, the semi-direct effect has also been estimated 
but in fewer studies. It consists of changes in cloud cover and atmospheric circula-
tion due to aerosol absorption. Nabat et  al. (2015b) have found a positive semi- 
direct effect over the Mediterranean of 5.7 W m−2 on average, counterbalancing 
partly the negative direct forcing. A similar positive semi-direct forcing has been 
identified by Meier et al. (2012) in Europe in the case of absorbing aerosols in sum-
mer. In some cases, this semi-direct can even become stronger than the direct effect, 
as found by Forkel et al. (2012) in June to July 2006 in Europe.

Finally, the estimation of the aerosol indirect forcing is the most difficult to quan-
tify. Using CERES and MODIS satellite data, Quaas et al. (2008) have estimated the 
average direct and indirect aerosol effects. Their maps show that the direct aerosol 
effect is an order of magnitude higher than the first indirect effect (cloud-albedo 
effect) over the Mediterranean area. From surface measurements over 1981–2005, 
Ruckstuhl et  al. (2010) have underlined that the contribution of the first indirect 
aerosol effect to surface solar radiation changes over Europe was small compared to 
the direct effect. The same conclusion was drawn by Nabat et al. (2014). However, 
it should be noted that this comparison concerns only the first indirect aerosol effect, 
while the other aerosol-cloud interactions are more complex to quantify. Their 
impact on the radiative budget may not be negligible and needs to be studied in 
the future.

3.2  Implications for Surface Temperatures

All the effects of aerosols on the radiative budget including cloud-aerosol interac-
tions have an impact on surface temperature, which generally leads to a cooling of 
the surface. Climate model simulations with and without aerosols are useful to 
quantify this impact on temperature. Ekman and Rodhe (2003) have first shown an 
average cooling of 0.4 K over Europe due to the first indirect effect of sulfate par-
ticles. This order of magnitude was confirmed by the studies of Zanis (2009) and 
Zanis et al. (2012) as far as the direct and semi-direct effects of sulfate are con-
cerned. Dust aerosols also contribute to this cooling over the Mediterranean, as 
noted by Santese et  al. (2010), Bangert et  al. (2012), and Nabat et  al. (2015a). 
However, most of these studies concern only specific aerosol types and/or seasons.
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Fig. 2 Annual average aerosol impact on near-surface (2 m) temperature (left) and on sea surface 
temperature (right) in CNRM-RCSM simulations (2003–2009 average, in K). Only significant 
values at level 0.05 are shown (grey indicates non meaningful values). All resulting values are 
negative. (Adapted from Fig. 11 in Nabat et al., 2015b)

A more complete study dealing with the impact of aerosols on surface tempera-
ture was carried out by Nabat et  al. (2015b). They have used the fully coupled 
regional climate system model CNRM-RCSM including the main natural and 
anthropogenic aerosol types, as well as ocean-atmosphere coupling for the 
Mediterranean region. They concluded that the negative radiative forcing of aero-
sols at the surface was responsible for an annual average cooling of 0.5 K in near- 
surface temperature over the Mediterranean, and the same value for the Mediterranean 
Sea surface temperature (SST), an effect that atmospheric models forced with exter-
nal SST cannot consider (Fig. 2). This cooling is stronger in spring and summer 
when aerosol loads are higher. Indeed, the temperature decrease can be much more 
important during episodes of strong aerosol concentrations, for instance, as shown 
by Gkikas et al. (2019) during dust outbreaks over the central Mediterranean.

3.3  Aerosol Impact on Cloud Parameters

Both satellite data and model simulations have been used to show the impact of 
aerosols on cloud parameters. Myhre et al. (2007) have used MODIS data to study 
possible relationships between aerosol optical depth (AOD) and different atmo-
spheric parameters. Their results over the Mediterranean area show a tendency for a 
weak increase in liquid water path (LWP) with AOD (Fig. 3a), a sharper increase in 
cloud fraction with AOD (Fig. 3b), and a more surprising increase in cloud droplet 
radius with AOD (Fig. 3c). With regard to LWP, this relationship is poorly repro-
duced by global models, making it difficult to draw conclusions from this observa-
tion to know whether anthropogenic or mineral aerosols impact the hydrological 
cycle. Tests performed with a non-hydrostatic large eddy simulation (LES) model 
(Sandu et al., 2005) demonstrate that the diurnal evolution of the cloud LWP is very 
sensitive to the type and amount of aerosol particles in the boundary layer. The 
increase in cloud fraction with AOD could be related to the role of aerosols as CCN 
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Fig. 3 (a) Liquid water path, (b) cloud fraction, and (c) cloud effective radius, as a function of the 
aerosol optical depth for the Mediterranean region. In (a) and (b), data are from the standard 
MODIS Terra product for the year 2001. Every line in (c) represents a different year from MODIS 
Aqua (2003 and 2004, in blue) or MODIS Terra (2000–2004). (Adapted from Figs. 5, 7 and 13 in 
Myhre et al., 2007)

but also to their effects on cloud lifetime which are very complex. Jiang et al. (2006) 
have explored this impact for shallow cumulus clouds by using models including 
size-resolved treatment of drop size distributions and warm microphysical pro-
cesses and a variety of sounding representing marine trade cumulus and continental 
convective clouds. Contrary to expectation, it was shown that an increase in aerosol 
concentration from very clean to very polluted conditions does not increase cloud 
lifetime even though precipitation is suppressed. This could be due to competing 
effects between precipitation suppression and enhanced evaporation. For a 
Mediterranean sounding adapted from measurements in the central Mediterranean 
Sea, individual cloud lifetimes may even show a decrease in lifetime of 10–40% for 
polluted conditions. It is proposed that an enhanced evaporation tends to dominate 
in these shallow clouds. Absorption of incoming solar radiation by aerosols (like 
smoke and dust) can reduce cloud cover (Ramanathan et al., 2001; Kaufman et al., 
2005). This effect can even be amplified if absorption of solar radiation by these 
aerosol particles occurs within cloud droplets (Chýlek et al., 1996). In fact, absorp-
tion of solar radiation, which is dependent on the chemical composition of the aero-
sol particles incorporated in cloud droplets, has a significant impact on the diurnal 
cycle of boundary layer clouds (Sandu et al., 2005).

With regard to the relationship between cloud droplet radius and AOD, the 
classical theory (Twomey, 1959) would imply a decrease in effective radius with 
the aerosol load, associated with an increase in cloud droplet number concentra-
tion. This is the basis of some parametrizations of the first indirect aerosol effect 
(e.g., Menon et  al., 2002). At the global scale, this relationship between cloud 
droplet number concentration and AOD is observed in both satellite data (MODIS) 
and global models (Quaas et al., 2009). However, as mentioned previously, Myhre 
et al. (2007) found the opposite result with MODIS data over the Mediterranean. 
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This could be due to the observed decrease in cloud top pressure with AOD, given 
that cloud droplet radius increases with a decreasing cloud top pressure of convec-
tive clouds (Rosenfeld & Lensky, 1998). This specificity of the Mediterranean 
area needs to be confirmed in the future by more observations and modelling stud-
ies. Besides, Calmer et al. (2019) have recently highlighted the role of entrain-
ment on cloud optical properties and cloud-aerosol interactions, and this variability 
in entrainment mixing also needs to be constrained in order to improve cli-
mate models.

3.4  Aerosol Impact on Precipitation

The impact on precipitation and hydrological cycle of the direct and semi-direct 
radiative effects has been studied by Nabat et al. (2015b). Using regional ocean- 
atmosphere coupled simulations, they concluded in a decrease of −0.2 mm yr−1 in 
precipitation over the Mediterranean due to the increase in atmospheric stability 
caused by aerosols. It represents a reduction of about 10% of the activity of the 
hydrological cycle, which is also noted in evaporation.

In addition to the reduction of precipitation caused by the reduced incoming 
solar radiative flux due to the direct aerosol effects, the sign and magnitude of the 
aerosol indirect forcing effect on precipitation is still controversial because of vari-
ous processes competing with each other. Solomos et al. (2011) have carried out 
RAMS/ICLAMS simulations to deal with the effects of pollution on precipitation in 
clean and polluted environments in the eastern Mediterranean. The onset of precipi-
tation in hazy clouds is shown to be delayed compared to cleaner conditions. In 
particular, hygroscopic dust particles contribute to more vigorous convection and 
more intense updrafts. In a case study, the simulated clouds extended about 3 kilo-
meters higher, thus delaying the initiation of precipitation by one hour.

Using WRF simulations including an aerosol-aware microphysics scheme, Da 
Silva et al. (2018) have studied aerosol effects on summer precipitation in the Euro- 
Mediterranean area. They have found that increased aerosol loads lead to a reduc-
tion in precipitation, both with and without convection-permitting configurations. 
They propose a causal chain between aerosol effects on microphysics and their 
effects on precipitation (Fig. 4). These relationships involve the negative aerosol 
radiative forcing at the surface due to changes in cloud microphysics making clouds 
optically thicker (left part of the scheme), which increases atmospheric stability and 
thus reduces convection (right part of the scheme).

Global climate models (GCM) can also be used to identify the aerosol effects on 
precipitation, taking advantage from the higher number of available simulations 
despite coarser horizontal simulations. Tang et al. (2018) have compared the GCM 
responses of Mediterranean precipitation to greenhouse gases and aerosols. Both of 
them can indeed cause a drying of the Mediterranean, but they conclude that pre-
cipitation is more sensitive to black carbon forcing than to greenhouse gases and 
sulfate aerosol. Black carbon has the ability to strongly absorb solar radiation, thus 
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Fig. 4 Schematic summary of the proposed aerosol causal chain sequence for the indirect effect 
of aerosols on convective precipitation. (Reprinted from Da Silva et al., 2018)

heating the atmosphere locally. However, this is not the only mechanism that 
explains the impact of aerosols. An enhanced positive sea-level pressure pattern 
similar to the North Atlantic Oscillation-Arctic Oscillation has been shown because 
of black carbon particles, characterized by higher pressures over the Mediterranean 
and lower pressures at northern latitudes. Greenhouse gases can lead to similar pres-
sure changes. Due to both factors, the northward diversion of the jet stream and 
storm tracks tend to decrease precipitation in the Mediterranean while increasing 
precipitation in northern Europe. Finally, the authors warn of a possible underesti-
mation of the aerosol-cloud interactions in these GCMs because many of them did 
not fully include such processes.

3.5  Trends in Aerosol-Cloud Interactions

As described in the preceding chapter (Mallet et al., 2022), an increasing trend in 
surface solar radiation has been observed since 1980, which has been attributed to the 
decrease in anthropogenic aerosols over the same period reported by Nabat et  al. 
(2014). This study also underlines that the role of clouds and of the indirect aerosol 
effect in this brightening seems to be negligible compared to the direct effect of aero-
sols at the scale of the Mediterranean area. However, weak trends in cloud cover and 
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other cloud parameters have been noted in the same period. Using the MERRA 
reanalysis, Kambezidis et  al. (2016) have shown that the brightening over the 
Mediterranean during the last decades was mostly associated with decreasing trends 
in cloud optical depth (COD), especially for the low (<700 hPa) clouds and during the 
spring season. On a monthly basis, those low clouds contributed 58–87% to the total 
spatially averaged COD in the Mediterranean. This decreasing trend in cloudiness 
and cloud thickness over southern Europe and the Mediterranean is also supported by 
other studies. In this respect, the slight brightening observed over Europe by 
Hatzianastassiou et al. (2012) was associated with a decrease of 5–10% in cloud cover.

As for precipitation, a slight decrease of −0.56  mm per month per decade 
(−1.3%) has been noted during 2002–2014 by Floutsi et al. (2016), in consistence 
with the decrease of convection and low-level cloudiness observed by Kambezidis 
et al. (2016).

4  Conclusion and Recommendations

All these studies put forward the various and strong effects of natural and anthropo-
genic aerosols on the Mediterranean regional climate. In addition to the direct radia-
tive effects, the interactions between clouds and aerosols also modify the radiative 
budget and regional climate over the Mediterranean. Absorbing aerosols such as 
dust and carbonaceous particles can modify cloud formation and atmospheric 
dynamics, which leads to semi-direct aerosol effects. Many aerosol types can also 
act as CCN and/or INP, with ensuing impacts on cloud cover, cloud lifetime, and 
precipitation. However, there remains large uncertainties about the role of aerosols 
in modifying cloud microphysics, cloud radiative properties, and precipitation. 
More research in terms of both field experiments, laboratory studies, and modeling 
efforts is clearly needed in order to better understand and quantify the effects of 
aerosol on clouds and the hydrological cycle and predict future evolution. Most of 
the results presented above, which rely on numerical simulations, must be taken 
with caution because of the uncertainties associated with the different parameteriza-
tions used in models. In order to better understand and quantify the microphysical 
impact of aerosols on clouds, and thus better predict climate change, it is critical to 
particularly seek information on aerosol-cloud interactions in observations (Seinfeld 
et al., 2016). For that, the Mediterranean region appears as an excellent natural labo-
ratory for studying the interactions between clouds and aerosols because this region 
is affected by air masses from different sources containing anthropogenic pollution 
from Europe, marine aerosols from the sea, mineral dust particles from the Saharan 
desert, biomass burning from summertime forest fires, and biogenic material from 
various land and marine sources.

Representation of cloud microphysical processes in climate models is challeng-
ing because fundamental microphysical details are poorly understood. Although 
there are several parameterizations that correlate the aerosol concentration and the 
CCN and INP concentrations as a function of aerosol properties, too many unknowns 
exist in order to accurately predict the cloud droplet and ice crystal number 
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concentrations. To date, in situ observations of the latter in the different cloud 
regimes over the Mediterranean are lacking. Calls for observations of cloud droplet 
and ice crystal number concentrations in the different cloud regimes have already 
been expressed (Kanji et al., 2017; Grosvenor et al., 2018), specifically to provide a 
more complete assessment of the relationship between CCN or INP concentration 
and cloud droplet or ice crystal number concentrations. To accomplish this, the next 
generation of field experiments should focus on extended characterization of aero-
sol and enhanced cloud observations (e.g., mixed-phase and ice clouds developing 
in different air masses) by combined in situ and remote sensing observations. These 
observations would be very helpful to improve climate models over the Mediterranean 
and notably better understand the specificities of this region in terms of aerosol-
cloud interactions described in this chapter.
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of solar radiation and its effect on key atmospheric species, and aerosol formation 
from gaseous precursors. Finally, the effects of strong acidity on the composition 
and amounts of semi-volatile aerosol and the concentration of trace nutrients and 
toxic soluble metals are discussed.

1  Introduction

The Mediterranean region is affected by large amounts of aerosols of various ori-
gins (see Kaskaoutis et al., 2023). In particular, desert dust, biomass burning aero-
sol, and anthropogenic aerosols can be found in large quantities depending on 
season and location. Dust aerosol, mainly originating from the African continent, is 
abundant in the Mediterranean atmosphere and readily mixes with air masses con-
taining aerosol and gas pollutants (Kanakidou et al., 2011). This mixture of natural 
and anthropogenic trace compounds fundamentally changes dust aerosol properties 
(chemical, physical, optical), as well as oxidant levels. The large amounts of dust 
aerosol present in the Mediterranean atmosphere (as well as globally) have moti-
vated several laboratory and field studies to investigate the role of dust as a reactive 
substrate (see Becagli, 2022). The quantitative understanding of these heteroge-
neous chemical reactions has readily been integrated in numerical modelling for 
dust impact assessments. Furthermore, all types of atmospheric aerosols affect 
atmospheric composition by attenuation of solar radiation that is driving central 
photo dissociation reactions for atmospheric chemistry (see Mallet et  al., 2022). 
They also act as substrates for reactions that modify the composition of both the gas 
and the aerosol phases in the atmosphere through multiphase reactions (Kanakidou 
et al., 2018). Multiphase reactions also depend on atmospheric acidity and liquid 
water content, modify the solubility of nutrients or toxic components, and are pres-
ent in the aerosols with impacts on human health (see Kalivitis et al., 2022) and 
ecosystems through their deposition to surfaces (see  Guieu and Ridame, 2022; 
Kanakidou et  al., 2022). In turn, these reactions and aerosol components affect 
atmospheric acidity in all media of the atmosphere (gaseous acidic compounds, 
aerosol water, cloud water, precipitation) and precipitation chemistry (Pye 
et al., 2020).

Atmospheric aerosol particles constitute an important and reactive medium, 
which strongly interacts with the gas and aqueous phases in the atmosphere. These 
interactions, besides their effect on aerosol composition and physical and optical 
properties, have been also shown to affect levels of other atmospheric constituents, 
such as nitrogen oxides (NOx), ozone (O3), nitric acid (HNO3), and sulfate (SO4

2-) 
(e.g., Dentener & Crutzen, 1993; Dentener et al., 1996; Liao et al., 2003; Bauer 
et al., 2004; Zhu et al., 2010, 2011; Tang et al., 2017; Wang et al., 2019). Thus, they 
have an effect on climate via altering anthropogenic aerosols and ozone radiative 
forcing (e.g., Liao & Seinfeld, 2005). For instance, Dentener et al. (1996) estimated 
that heterogeneous reactions on dust aerosol can reduce O3- levels up to 10% in the 
vicinity of dust source regions. They also suggested that neglecting sulfate presence 
in the coarse mode aerosol, where sulfate could be formed via heterogeneous 
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oxidation of SO2 on aerosol surfaces, leads to an overestimate of the negative radia-
tive forcing of sulfate, in particular over Asia. In line with these results, Liao and 
Seinfeld (2005) estimated that reactions of NOx and hydrogen peroxy radicals (HO2-

) radicals on dust aerosol affect tropospheric O3 levels and reduce the top-of-the- 
atmosphere present-day anthropogenic radiative forcing of O3 by 20–45% at mid to 
high latitudes in the northern Hemisphere.

Because of the potential importance of atmospheric aerosols for atmospheric and 
precipitation chemistry, a number of laboratory studies have investigated heteroge-
neous reactions on various aerosols. The majority of them have been focused on 
mineral dust and sea salt, which are the most abundantly emitted aerosols into the 
atmosphere. Particularly, the uptake of oxidants O3, hydroxyl radical (OH), and 
nitrate radical (NO3) as well as other directly related species such as HO2, hydrogen 
peroxide (H2O2), formaldehyde (HCHO), nitrous acid (HONO), and dinitrogen 
pentoxide (N2O5) on mineral dust particles has been extensively studied and quanti-
tatively determined, being also the subject of several reviews (e.g., Rossi, 2003; 
Usher et al., 2003; Crowley et al., 2010; George et al., 2015). In addition, it is well 
known that acid displacement reactions occurring on sea-salt aerosol surface lead to 
halogens release, via hydrochloric acid (HCl) substitution by a stronger and/or less 
volatile acid, i.e., sulfuric acid (H2SO4) and HNO3. In the same line, N2O5 reactions 
on Cl-enriched sulfate aerosols result in 10–15 times higher chlorine nitrite (ClNO2) 
release (Pechtl & von Glasow, 2007; von Glasow, 2008). Such reactions lead to a 
measurable deficit in halogen in the aerosol phase compared to the seawater compo-
sition that provides evidence of their occurrence (Kouvarakis et  al., 2002). Acid 
displacement reactions on dust aerosols release carbon dioxide (CO2-) when H2SO4, 
HNO3, HCl, or organic acids attack calcium carbonate (CaCO3) and attach sulfate 
and nitrate on dust aerosol (e.g., Ragosti & Sarin, 2005; Drozd et al., 2014). In the 
case of sulfate, the displacement reactions (Fig. 1) attach sulfate to the coarse mode 
aerosol, where most of the dust and sea-salt mass is present, weakening the radiative 
forcing efficiency of sulfate aerosol (Dentener et al., 1996).

Furthermore, due to their low water content, aerosols are characterized by 
extremely high ionic strengths and unusually strong and persistent acidity (e.g., 
Weber et al., 2016; Guo et al., 2018) although there are many regions of the globe – 
especially near strong sea-salt, dust, or ammonia sources  – where the acidity is 
much lower and pH is higher (see Pye et al., 2020 for a review). Therefore, com-
bined with the effects of acidity, the aerosol water is a suitable medium for acidity- 
sensitive gas-particle partitioning (Seinfeld & Pandis, 2016; Guo et al., 2018; Nenes 
et al., 2020, 2021) and multiphase reactions (Herrmann et al., 2015; Carlton et al., 
2007; Lim et al., 2010; Myriokefalitakis et al., 2011; Kanakidou et al., 2018). A 
typical example is SO2 partitioning into water aerosol that is favored in a basic aque-
ous environment. The subsequent O3-induced oxidation of SO3

2− (second dissocia-
tion product of hydrated SO2) in the aqueous phase is more efficient at higher pH 
values (Seinfeld & Pandis, 2016). On the opposite, the reactive uptake of peroxides 
is acid-catalyzed. Organics can also be involved in pH-driven reactions like esterifi-
cation of carboxylic acids, aldol condensation, and hemiacetal and acetal formation, 
resulting in a significant formation of secondary organic aerosol, in aerosol water 
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Fig. 1 Acid displacement reaction will partition H2SO4 as SO4
2− and HNO3 as nitrate ion (NO3

−) 
to the aerosol phase and will release halogen or CO2, from sea-salt (Cl−) and dust (CO3

2−) aerosol, 
respectively. During night in polluted regions, the N2O5 reactions with sea-salt halogens will 
release ClNO2 into the atmosphere that can be photolyzed during the day to produce halogen and 
NO2, which will ultimately produce O3 in the presence of volatile organic compounds (VOC). On 
the opposite, the halogen released during the day can lead to O3 depletion in remote marine 
environments

(Hermann et  al., 2015; Xu et  al., 2015, 2016; Budisulistiorini et  al., 2017; Pye 
et al., 2020).

In this chapter, we summarize recent findings with regard to aerosols impacts on 
atmospheric chemistry, acidity, and precipitation chemistry in the Mediterranean 
region, as well as global modeling studies when these provide additional insights 
into the topic.

2  Aerosol Impacts on Tropospheric Chemistry

Aerosols impact on tropospheric chemistry through two different mechanisms: 
alteration of photolysis rates (by extinction of light by particles; see also the chapter 
by Mallet et al., 2022) and multiphase reactions (where aerosols act as a substrate 
for chemical reactions and sink for trace gases of importance for tropospheric chem-
istry; see also the chapter by Becagli, 2022).

2.1  Impact of Aerosols on Oxidants Through Interactions 
with Light

Aerosol particle interactions with solar radiation via absorption or scattering lead to 
a solar flux attenuation that is significant enough to affect the photodissociation 
efficiency of chemically important atmospheric trace constituents. It has been 
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demonstrated that the presence of clouds leads to changes in the O3 and NO2 pho-
tolysis rates (JO, JNO2). Depending on location and cloud optical thickness, they 
can either be higher (mainly above clouds) or lower (below clouds) (Landgraf & 
Crutzen, 1998; Tang et  al., 2004), as observed in several occasions in the 
Mediterranean (e.g., Berresheim et al., 2003; Gerasopoulos et al., 2012). The impact 
of aerosols on the photolysis rates is a complex phenomenon because most aerosols 
vary on long enough timescales that make it difficult to unravel their effect, contrary 
to the cloud cover, which can change much faster and thus has a noticeable impact 
on actinic fluxes. Therefore, statistical analysis and modelling is required along 
with field observations to attribute changes in the photolysis rates to the effect of 
aerosols (Gerasopoulos et  al., 2012; Mailler et  al., 2016). Increase in the atmo-
spheric aerosol leads to a reduction in near-surface O3 and NO2 photolysis rates. 
However, likewise clouds, the effect of scattering aerosols on the photolysis rates 
can be positive or negative depending on the location of the aerosol layers in the 
atmosphere. These changes affect both the chemical loss (through O3 photolysis) 
and production (through NO2 photolysis) of O3, respectively.

On a global scale, the modeling study by Liao et al. (2003) employing online 
coupling between gas and aerosol chemistry and accounting for heterogeneous 
reactions and impact of aerosols on photolysis rates has shown that both gases and 
aerosols levels have a nonlinear response to changes in emissions of aerosol precur-
sors. This study also showed that photolysis rates decrease due to solar radiation 
attenuation by aerosols has a small effect on O3 concentrations (<1 ppbv) corre-
sponding to 2–3% change. The effect maximizes over central Africa, India, and 
central and northeast Asia, where although HNO3 reduction is the highest, it is still 
very small in relative scale (<3%). In particular, the reduction of photolysis rates by 
mineral dust was calculated to lead to an increase in global annual mean O3 concen-
tration by about 0.2% (Zender et al., 2003). Bian and Zender (2003) global model-
ing study evaluated the impact of dust on oxidant levels through changes in the 
photolysis rates to be higher in the northern than in the southern hemisphere due to 
the spatial distribution of dust. However, the overall calculated global annual 
impacts were as low as +0.2% for O3 and −2.4% for OH radicals, with the maxi-
mum differences found in regions where dust loads are high.

In the eastern Mediterranean, Gerasopoulos et al. (2012) used long-term obser-
vations from the Finokalia monitoring station in Crete, Greece, along with a chemi-
cal box model to show that reduction of O3 and NO2 photolysis rates by 24% and 
5%, respectively, due to actinic flux attenuation by aerosols leads to an overall 12% 
reduction in O3 net chemical production. In the Central Mediterranean, Mailler et al. 
(2016) elaborated observations at Lampedusa during the ChArMEx/ADRIMED 
campaign of summer 2013 and, with the CHIMERE model, demonstrated that the 
impact of aerosols through changes in the photolysis rates led to slightly decreased 
averaged O3 levels close to the sources while a slight increase was calculated over 
all North Africa. Astitha et  al. (2007, 2008) and Astitha and Kallos (2009) con-
ducted regional-scale modeling studies for the Mediterranean including heteroge-
neous reactions of reactive nitrogen species and O3 with mineral dust aerosol as well 
as the impact of aerosols on photolysis efficiency. They investigated three periods 
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with intensive dust outbreaks in the East Mediterranean, and they calculated a 15% 
reduction in photolysis efficiency of O3 and NO2 over Athens, where a dust layer 
was present at PM10 levels of about 750 μg m−3 (aerosol optical depth, AOD, at 
340 nm of 0.55) and about 20% reduction when AOD was 0.7–0.8. They also simu-
lated a contribution of those reactions to aerosol nitrate by about 20–40 μg  m−3 
(calculated as a 2-hour average) and a reduction in O3 by up to 10–30 ppb.

2.2  Heterogeneous Reactions on Aerosol Surfaces

Heterogeneous chemical processes may also strongly affect O3 budget through their 
impacts on sources and sinks of HOx (OH and HO2) and NOx (NO and NO2) 
(Dentener & Crutzen, 1993; Dentener et al., 1996; Jacob, 2000; Zhu et al., 2010), 
halogen radicals, and nitryl chloride (ClNO2) production (Thornton et  al., 2010; 
Phillips et al., 2012, 2016; Wang et al., 2016). A direct removal pathway for O3 via 
heterogeneous uptake has also been proposed as a plausible explanation of observa-
tions (de Reus et al., 2000). Usher et al. (2003) and Crowley et al. (2010) provided 
comprehensive reviews of heterogeneous reactions on dust aerosol particles. 
Reactions of O3 and NO2 on mineral dust surface have been reviewed by Cwiertny 
et al. (2008). In particular, they discussed the reduction in apparent O3 uptake at 
increased levels of relative humidity up to 58%, and no obvious surface saturation 
effect is observed during water layer formation, as a result of the more rapid uptake 
of water than O3. They also discussed HONO formation by heterogeneous reactions 
involving humic substances, heterogeneous hydrolysis of NO2, and TiO2 photoca-
talysis. They finally pinpointed the need to study non-photochemical nitrate reduc-
tion that can occur in regions like the Mediterranean where dust plumes mix with 
anthropogenic pollutants. Shen et al. (2013) have, in particular, summarized multi-
phase reactions that act as sinks of volatile organics and can affect aerosol growth 
by formation of bicarbonyls and organic acids, changing the physicochemical and 
optical properties of the aerosols. Chen et al. (2012) summarized reactions for TiO2 
as a substrate and George et  al. (2015) for other minerals. George et  al. (2015) 
pointed out that metal oxides contained in dust aerosol act as atmospheric photo-
catalysts leading to OH radical formation, in the gas phase, which results from the 
oxidation of water absorbed on dust. This dust-associated OH formation can initiate 
SO2 oxidation to H2SO4 nearby dust aerosol, providing, thus, a path to sulfate for-
mation, additional to the more common heterogeneous reaction of SO2 on dust that 
does not require light. Furthermore, George et al. (2015) suggested that this photo-
catalytically initiated formation of H2SO4 could lead to nucleation events in the 
atmosphere under low-dust conditions, i.e., when only few particles are present and 
thus nucleation dominates over condensation. Rossi (2003) provides a synthetic 
view of the reactions involving sea-salt aerosol, and Finlayson-Pitts (2003) sum-
marizes the solid- and aqueous-phase sea-salt reactions providing evidence from 
field studies for the contributions of halogens to tropospheric chemistry and the acid 
displacement reactions.
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Tang et al. (2017) summarized the laboratory determinations of reactive uptake 
coefficients (γX) of oxidants (O3 and H2O2), HCHO, HONO, N2O5, and free radicals 
(OH, HO2, and NO3) pointing out the dependence of γX on the substrate as well as 
on light and relative humidity (RH). At this point, it is worth noting the difference 
between the mass accommodation coefficient, α, which defines the probability for a 
gas molecule striking the aerosol surface to enter the condensed phase, and the 
uptake coefficient, γ, which defines the probability of the molecule to be removed 
by the condensed phase, including both physical and chemical processes (Kolb 
et al., 1995). For reactive removal of the absorbed species X, the uptake coefficient, 
depending on the stage and on the nature of interaction, may be defined as initial 
uptake coefficient, γ0 (negligible adsorbates on the surface), steady-state uptake 
coefficient, γss (saturated surface), and reactive uptake coefficient, γX (irreversible 
reactive uptake). Tang et al. (2017) reported the initial uptake coefficient (γ0) for OH 
and HO2 radicals on various mineral surfaces to be inversely dependent on relative 
humidity and to be independent of temperature. The steady-state uptake of HO2 (γss) 
on mineral surfaces was found to increase with increasing RH, and Tang et  al. 
(2017) and James et al. (2017) suggested a catalytic role of Fe in this uptake. Two 
potential pathways for the fate of HO2 on aerosol particles have been proposed: 
formation of H2O2, which will recycle reactive hydrogen in the troposphere, and 
decomposition to H2O and O2, which will be a net sink for reactive hydrogen (see 
references in Tang et al., 2017). Variable response to RH was found for H2O2 uptake 
on mineral surfaces, with negative dependence for TiO2 and positive for Saharan 
and Gobi desert aerosol, with dust aerosol from Sahara being more reactive than 
from Gobi desert (Pradhan et al., 2010a, b). On dust aerosol, H2O2 can be decom-
posed to H2O and O2, converted to HO2 (Romanias et al., 2012a), or undergo simple 
partitioning (Zhao et al., 2013). The reactive uptake coefficient of O3 was measured 
to decrease with increasing RH, both on iron and aluminum oxides, pointing to the 
importance of aerosol water and subsequently of multiphase reactions; in darkness, 
reactive uptake of O3 on TiO2 was independent of RH. Interestingly, organic materi-
als coated on mineral dust can be subject to heterogeneous ozonolysis by O3 uptake 
on the particles (Tang et al., 2017). Such reactions have been found to be photosen-
sitized and to proceed via electron transfer to O3 forming an ozonide anion (O3

−) 
and subsequently OH radicals (De Laurentiis et al., 2013).

With regard to nitrogen reactive species, HONO initial uptake on mineral sur-
faces was determined to be independent of temperature and inversely dependent on 
RH followed by HONO conversion to NO and NO2 (Romanias et  al., 2012b). 
Uptake of NO3 radicals on dust resulted in the release of both N2O5, produced from 
NO3 reaction with NO2 on aerosol surface, and HNO3 produced by heterogeneous 
reaction of N2O5 on the aerosol surface, in the gas phase (Karagulian & Rossi, 
2005). Heterogeneous uptake of N2O5 can proceed both via heterogeneous hydroly-
sis or via on-surface reaction with OH radical (Seisel et al., 2005), forming HNO3 
and nitrate aerosol as end products, thus substantially modifying dust aerosol prop-
erties and atmospheric composition. Remarkably, surface deactivation related to 
water uptake and/or to decrease of N2O5 update due to the produced nitrate in the 
aqueous phase, the so-called nitrate effect, has been also observed, while in several 
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cases, increased levels of relative humidity and coating by aerosol water led to 
increased reactivity, as outlined previously.

Limited studies with controversial behavior have been reported for black carbon/
soot aerosol, which can provide substrate for reduction reactions. Nienow and 
Roberts (2006) have summarized kinetic studies of heterogeneous reactions on car-
bonaceous aerosols and pointed out that the chemical reactivity strongly depends on 
the carbon type and on experimental conditions, hampering extrapolation of the 
laboratory experiments to the ambient conditions. Interestingly, soot has been pro-
posed to interact with O3 and H2O leading to increased hydrophilicity by the forma-
tion of oxygenated surface functional groups. Soot can also reduce NO2 to NO or 
HONO, and HNO3 to HONO, providing hints to improve the simulations of NOx in 
the troposphere and to understand HONO tropospheric budget (see references in 
Nienow & Roberts, 2006).

2.3  Evidence of Heterogeneous Reactions in Field Studies

In most of the kinetics laboratory measurements, the nature of the studied particles 
is simple compared to the ambient dust particles of more complex mineralogy. 
Keeping this in mind, atmospheric observations of trace gases and aerosol in the 
troposphere can be used to determine steady-state lifetimes of short-lived pollutants 
like NO3 radical and N2O5, due to their losses on aerosol surfaces and the associated 
reactive uptake coefficients γx (e.g., Brown et al., 2006, 2009; Morgan et al., 2015). 
In particular, Brown et al. (2006) measured ambient NO3 radical, N2O5, and aerosol 
surface concentrations during nighttime aircraft flights in the northeast USA and 
found that the uptake of N2O5 on aerosols was strongly dependent on aerosol com-
position, being more intense onto sulfate aerosol. Such behavior could be explained 
by the acidic character of sulfate aerosol, which constrains the partitioning of nitrate 
to the aerosol phase that inhibits N2O5 uptake. They suggested potentially strong 
interactions at regional scale between nitrogen oxides and sulfur dioxide anthropo-
genic emissions. Further determinations of reactive uptake of N2O5 on aerosols 
based on aircraft measurements in the USA by Brown et al. (2009) suggested that 
nocturnal chemistry of N2O5 could produce similar amounts of HNO3 to those from 
direct production of HNO3. In line with these findings, Vrekoussis et  al. (2007), 
analyzing 2  years of long-path Differential Optical Absorption Spectroscopy 
(DOAS) observations of NO3 radical in the gas phase along with auxiliary O3, NO2, 
and meteorological data recorded in Finokalia monitoring station in Crete, in the 
East Mediterranean, have inferred that, overall, the major sink of NO3 radical was 
its conversion to N2O5, which was subsequently subject to heterogeneous losses on 
aqueous particles. The reactions of NO3 in the gas phase were found to be more 
important during spring and summer. Nighttime production of HNO3 plus particu-
late NO3

−, as initiated by NO3 radicals, accounted for about 50–65% of the total 
production rate, depending also on the season of reference (Vrekoussis et al., 2006). 
They have also found that on a yearly mean basis, oxidation of dimethylsulfide of 
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marine origin by NO3 radicals, which are mainly of anthropogenic origin, contrib-
uted about 17% to the HNO3 plus particulate NO3

− formation. This result points to 
important interactions between natural and anthropogenic emissions that lead to 
acid and nutrient formation. Using airborne observations over the eastern and south-
ern regions of the UK and in situ observations in the greater London area, Morgan 
et al. (2015) highlighted the significant contribution of reactive uptake of N2O5 as a 
source of nitrate aerosol as well as the importance of ammonium nitrate (NH4NO3) 
in that region. They have found higher uptake than previously reported over the 
USA, and this uptake was favored under high RH conditions. On the contrary, 
higher ratios of particulate NO3

− concentrations to aerosol water were found to sup-
press N2O5 uptake.

It is known that the presence of the semi-volatile nature of NH4
+ in aerosol 

depends on the aerosol pH and aerosol liquid water content (which in turn depends 
on relative humidity and liquid water content) (Seinfeld & Pandis, 2016). Nitrate 
also depends on pH (Guo et al., 2018); NH4NO3 formation is therefore favored for 
aerosol pH above 2.5–3.0 for typical atmospheric conditions, although this acidity 
range can change with liquid water and temperature (Nenes et al., 2020). Indeed, the 
recent regional modeling study over Europe by Kakavas et al. (2021) predicted the 
highest average particulate NO3

− levels for the PM2.5–5 range to be over locations 
where aerosol pH exceeds 3. In line with these findings, Guo et  al. (2018) have 
discussed the role of soluble nonvolatile cations (NVCs), like those present in sea- 
salt, dust, and biomass burning aerosols (e.g., Na+, Ca2+, K+

, Mg+2) in modulating 
aerosol pH, which depends on the relative abundance of anions and cations, and can 
therefore reach values favoring the partitioning of nitrate to the aerosol phase. 
Vasilakos et al. (2018) pointed out that because of this effect of NVCs on pH and its 
subsequent effect on nitrate uptake by aerosols, models can exhibit unrealistic sen-
sitivity to nitrate availability if the emissions and treatment of NVCs contain biases.

Sea-salt aerosol containing NVCs also favors acid displacement reactions that 
can partition nitrate (and sulfate) into the aerosol phase, releasing halogens to the 
gas phase. Such reactions have been evidenced in the Mediterranean atmosphere by 
the observations of halogen deficit in the aerosol phase compared to the seawater 
composition. During the PAUR II experiment on Crete, observations by Kouvarakis 
et al., (2002) have indicated on average 8% and 55% deficit in Cl− and Br−, respec-
tively, in the aerosol phase that was anticorrelated with the net aerosol acidity 
inferred by the difference between acidic and basic ions in the aerosol. Further, sup-
portive for the potential importance of halogen chemistry in the marine environment 
in the Mediterranean are also the reported observations about hydrocarbons of vari-
ous reactivities, which have been used as indicators of OH and Cl levels in the 
region (Arsene et al., 2007).

As far as the aerosol impact on surface levels of O3 is concerned, it was demon-
strated during aircraft flights near Tenerife, Canary Islands, in July 1997 (Second 
Aerosol Characterization Experiment, ACE 2) and also from surface measurements 
in July–August 2002 (MINeral dust Aerosol and TROpospheric Chemistry, 
MINATROC) that at high aerosol mass ranging between 400 and 500 μg m−3, the 
dust layers were associated with low O3 levels (de Reus et  al., 2000, 2005). 
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Photochemical box model simulations suggested heterogeneous losses of O3 and its 
precursors on aerosol surfaces. De Reus et al. (2000) estimated this loss to be 4 ppbv 
of O3 per day, which is in relatively good agreement with the more recent finding (de 
Reus et al., 2005) of a 0.14 ppb hr−1 decrease in the mean daytime net ozone produc-
tion. However, these box model results rely on assumptions made on O3 levels and 
other trace gases in the dust source area, and the heterogeneous removal of HO2 and 
H2O2 assumed in their model has not been able to explain the low peroxy radical 
levels observed during the MINATROC campaign.

2.4  Biomass Burning Products Impacts on Trace Pollutants

Forest fires and more generally open biomass burning, constitute an additional 
important source of tropospheric aerosols in the Mediterranean atmosphere, partic-
ularly during the summer (Pace et al., 2005; Bougiatioti et al., 2014, 2016a) contrib-
uting to the available substrate load for heterogeneous processes, such as surface 
reactions or condensation of organic matter. Biomass burning produces carbona-
ceous aerosols (black, organic, and brown carbon) in addition to a number of trace 
gases that are potent environmental contributors to secondary organic aerosol (SOA) 
(Fig. 2; Akagi et al., 2011; Bougiatioti et al., 2016a; Liu et al., 2017).

Fig. 2 Simplified scheme of biomass burning impact on atmospheric composition (gas-phase, 
secondary organic aerosols formation and particulate matter) via atmospheric processing involving 
gas to particle partitioning and multiphase reactions
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The nonvolatile cations present in biomass burning aerosol tend to increase aero-
sol pH and, depending on if the acidity is in the right range (the so-called sensitivity 
window of nitrate partitioning; Vasilakos et al., 2018; Nenes et al., 2020), may pro-
mote nitrate to further partition to the aerosol phase, thus increasing aerosol water 
and reducing the sensitivity of aerosol amount to gas-phase ammonia levels. 
However, the photochemistry and the atmospheric impacts of these SOA precursors 
are understudied.

Bougiatioti et al. (2016a) observed, at Finokalia monitoring station in the East 
Mediterranean, the transformation of freshly emitted biomass burning aerosol to 
more oxidized organic aerosol and the associated doubling of aerosol hygroscopic-
ity. Bougiatioti et al. (2016b) also found that biomass burning aerosols was by 1–1.5 
pH unit less acidic than other types of aerosol in the region. Wong et al. (2019) 
found that brown carbon (BrC) aerosol (i.e., light-absorbing organic particles) from 
hardwood burning is composed from high (>400 Da) and low (<400 Da) molecular 
weight molecules with different lifetimes. The low molecular weight BrC compo-
nents’ lifetime, due to photolysis and oxidation by OH radical, is estimated to be 
about 1  h, while the high molecular weight components, have longer lifetimes 
around a day. They also measured BrC in samples collected from Heraklion, Crete, 
Greece, during open wildfire events and estimated a mean lifetime for all BrC com-
ponents between 15 and 28 days, which is consistent with the lifetime of the high 
molecular weight BrC components observed in chamber experiments. The same 
study concluded that the BrC associated with the high molecular weight compo-
nents, which are most stable against photochemical bleaching, can be subject to 
long-range transport.

Important biomass burning products with significant atmospheric abundance are 
various aromatic compounds known for their direct adverse effects to human health, 
including furans (Crutzen & Andreae, 1990; Akagi et al., 2011; Majdi et al., 2019), 
nitrogen, and sulfur-containing compounds, as well as polyaromatic hydrocarbons 
(Samburova et  al., 2016) that have been detected during domestic and wildland 
fires, agricultural burns, and domestic fuels use. Biomass burning products are 
strongly dependent on fuel type and fire characteristics, and many different VOCs 
are produced in the fire plume. These are photochemically converted to secondary 
pollutants, in the presence of NO, and they eventually lead to increased tropospheric 
ozone levels and nitrogen containing secondary organic aerosols (SOA) formation 
(Jiang et al., 2019). Polycyclic aromatic hydrocarbons (PAHs), on the other hand, 
constitute important brown carbon sources in the atmosphere (Samburova et  al., 
2016). Even though efforts have been recently made (Shrivastava et al., 2017) to 
develop analytical methods to quantify emissions from continuous monitoring of 
non-methane organic gases in biomass burning events and episodes, there are still 
obstacles. The atmospheric levels of furans due to domestic and wild fires, relative 
to 1  ppm of CO formation, are between 68 and 118  ppb (Gilman et  al., 2015). 
Models estimate that furans contribute 9–14% to the OH reactivity of the total bio-
mass burning mixture. However, the detailed chemistry of the SOA precursors gas- 
phase formation is currently not well understood (Hatch et al., 2017). Therefore, 
there is an urgent need for integrating laboratory and field studies of biomass 
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burning products with regard to their reactivity, their contribution on SOA, and the 
on- surface heterogeneous or multiphase reactions in modelling to improve our 
understanding and to evaluate their role as oxidants sinks or pollutants sources, 
along with their effect on Earth’s radiation balance.

2.5  Insights from Global Modeling Studies

Liao et al. (2003) estimated the impact of heterogeneous chemistry on modeled O3 
concentrations to be a decrease of about 30%, near the surface at the high latitudes 
of the northern hemisphere (NH), while they suggested that the aforementioned 
effect is less intense, 10–15%, in the southern hemisphere (SH). In particular, they 
calculated a 20–25% reduction in surface O3 and a spatially very variable reduction 
in surface NOx (about 20–50%), over the Mediterranean region. They also calculate 
an overall 16% reduction in global O3 burden due to O3 uptake by dust and to NOx 
heterogeneous removal on all aerosols. The O3 removal on dust aerosol was calcu-
lated to be very efficient compared to other modeling studies, reducing the global O3 
burden by 7%. These impacts are almost an order of magnitude larger compared to 
the estimated effect of aerosol-induced photolysis rates change from the same 
authors. They are also larger than earlier estimates by Dentener and Crutzen (1993) 
mainly due to the larger NOx removal in the high latitude of the NH resulting from 
the heterogeneous losses on non-dust aerosol particles. Lower effects of aerosols on 
O3 have also been computed by Bian and Zender (2003), who also compared the 
impact of dust aerosols on tropospheric oxidants stemming from changes in pho-
tolysis rates and heterogeneous reactions. Their study suggested that although 
aerosol- induced photolysis rates change is the determinant process for dust aerosol 
effects on tropospheric oxidant concentrations in the low to middle troposphere, and 
more specifically in the SH, heterogeneous reactions dominate everywhere else. 
These two mechanisms have opposite effects on global annual mean tropospheric 
O3 and odd nitrogen abundances, with the photolysis rates perturbations and hetero-
geneous reactions leading to increase and decrease O3 levels, respectively. Thus, 
they result in weak overall changes on global annual mean tropospheric concentra-
tion levels (−0.7% for O3 and −3.5% for HNO3), except in the cases of hydroxyl 
(OH) and hydrogen peroxy (HO2) radicals (−11.1% and −5.2%, respectively), both 
mechanisms affecting their concentration in the same direction. Bian and Zender 
(2003) also found seasonal patterns of this effect close to dust sources, where the 
coupling of these two mechanisms is responsible for about 20% of the calculated O3 
changes. They also pointed to the importance of temperature dependence of the 
uptake rates, and thus of the vertical structure of dust plumes, with regard to the 
impact of heterogeneous reactions on tropospheric composition.

Bauer et al. (2004) accounted for the heterogeneous reactions of O3, HNO3, NO3, 
and N2O5 on dust aerosol in a global model and investigated the dust events during 
the summer 2000 MINATROC campaign, focusing on Mount Cimone in northern 
Italy. They have shown that these reactions, acting as sinks of O3 and the reservoir 
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species NO and NO2, can reduce the global levels of tropospheric O3 by about 5%. 
Contrary to the study of Bian and Zender (2003), Bauer et al. (2004) did neither 
account for the impact of aerosols on photolysis rates nor for heterogeneous reac-
tions of OH and HO2 radicals and H2O2 onto dust. Bauer et al. (2004), however, used 
a higher horizontal resolution for their model simulations than Bian and Zender 
(2003). These differences in the modeling framework, including potential differ-
ences in the dust particle size distribution and thus in the associated dust aerosol 
surface, can explain the higher impact of dust on O3 calculated in the study of Bauer 
et al. (2004).

Stadtler et al. (2018) used two different global chemistry transport (CTM) mod-
els to evaluate the impact of heterogeneous reactions of N2O5, NO3, NO2, HNO3, O3, 
and HO2, on dust and sea-salt, among which that of N2O5 was identified by both 
models as the most important process for the observed oxidant levels, globally. The 
major impact was determined to be during springtime, when levels of N2O5 are high 
and photochemistry is significant. In particular, this reaction leads to a reduction in 
surface O3, which, on continental scale, varies between 5–6% for South Asia and 
North America, 7% for Europe, and 8–9% for East Asia. Over the Mediterranean 
region, reductions related to this reaction were calculated to be about 3 ppb for O3 
and 0.5 ppb for NO2. The heterogeneous reactions of NO2, HNO3, and HO2 gained 
relevance in East Asia due to the high levels of aerosol surfaces and NO2, while the 
direct loss of O3 on dust aerosol was found to be of minor importance. The two 
global model results are in reasonable agreement. It is worth to note that both global 
models considered heterogeneous reactions that substantially improved the com-
parison with surface O3 observations in the northern hemisphere, alluding to the 
need of their inclusion in tropospheric composition modeling.

The impact of mineral dust on nitrate formation has been simulated mainly due 
to the global importance of dust aerosol, which is transported downwind of the 
major desserts, namely, the African Sahara and the Gobi desert, as well as desert 
regions in North and South America, including the Patagonian desert, and that in 
Australia. Karydis et al. (2016) calculated a 44% increase in particulate NO3

− tropo-
spheric burden (53% increase in near-surface concentrations in the coarse mode) 
due to interactions of gases with mineral dust. In the Mediterranean region, they 
calculated about 10–20% increase in total surface particulate NO3

−. They also cal-
culated a 41% decrease in ammonium global concentrations attributed to reduction 
in the available HNO3 in the atmosphere, which is captured in the aerosol phase by 
the nonvolatile mineral cations and thus leading to a decrease of the potentially 
formed NH4NO3. Interestingly, Karydis et al. (2016) found a 7% increase in SO4

2− 
levels related to changes in the aerosol pH comprising the most favorable conditions 
for SO2 oxidation by O3 and a 9% increase in Cl− tropospheric burden as a result of 
reactions with mineral dust cations.

Mao et al. (2013) have also investigated the importance of copper (Cu) and iron 
(Fe) redox chemistry in aerosol water as a potent radical sink in the global atmo-
sphere. Redox reactions involve the reduction of a molecule via electron transfer 
from the electron donor (metal oxide) to the electron acceptor, a molecule of O2, 
which is thus converted to the extremely reactive superoxide radical (O2

−). This can 
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oxidize the water absorbed on the surface of the mineral to hydroxyl radical, which 
will further oxidize possible absorbed organics leading to several products forma-
tion, some of them having been identified in both chambers and field studies (George 
et al., 2015). Mao et al. (2013) global modeling study with regard to the coupling of 
the transition metal ions Cu and Fe has shown the rapid conversion of HO2 to H2O 
by HO2 uptake in aqueous aerosol. This process can affect tropospheric oxidants 
levels, as well as carbon monoxide, improving comparison between model results 
and observations and providing an additional pathway of aerosol impact on radia-
tive forcing through changes in ozone levels or the lifetime of reactive greenhouse 
gases, such as methane and hydrofluorocarbons. Myriokefalitakis et  al. (2015, 
2016) global modeling of Fe and phosphorus (P) atmospheric cycles, also account-
ing for Fenton reactions in the atmospheric aerosol phases (cloud and aerosol 
water), have shown that multiphase chemistry is able to mobilize significant amounts 
of Fe and P from the mineral-aerosol phase to the aqueous phase, thus increasing the 
Fe and P solubility. This mobilization also involves ligands, like oxalate, for which 
carbonyl multiphase chemistry is the major formation pathway (Myriokefalitakis 
et al., 2011).

Table 1 summarizes the main mechanisms discussed herein, through which aero-
sols are affecting tropospheric chemistry and nutrients solubility, and associated 
impact estimates for the Mediterranean.

3  Aerosols and Atmospheric Acidity

3.1  Aerosol pH in the Mediterranean

Since direct observations of ambient aerosol pH are only recently emerging (Pye 
et al., 2020), the most reliable indirect information on the aerosol acidity is derived 
from thermodynamic analysis of observation data (that include major aerosol and 
semi-volatile species, e.g., NH3/NH4, HNO3/NO3) with equilibrium model calcula-
tions like E-AIM (Clegg et al., 1998) and ISORROPIA II (Fountoukis & Nenes, 
2007). This approach enabled the evaluation of ambient aerosol pH in the East 
Mediterranean (Bougiatioti et  al., 2016b) and in the Central Mediterranean 
(Squizzato et al., 2013; Masiol et al., 2020). Additional acidity inferences were car-
ried out by Nenes et al. (2011) and Ingall et al. (2018) for the East Mediterranean to 
understand the potential role of dust acidification on bioavailable trace nutrient lev-
els. A few global models are also able to compute aerosol and cloud acidity distribu-
tions (Myriokefalitakis et  al., 2015; a review is provided in Pye et  al., 2020). 
Recently, Kakavas et al. (2021) published the first mesoscale chemistry transport 
modeling study over Europe of aerosol pH with a detailed sectional description of 
the aerosol size distribution, chemical composition, and acidity calculation (carried 
out with the embedded ISORROPIA II model).
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Table 1 Summary of main mechanisms here discussed through which aerosols are affecting 
tropospheric chemistry and nutrients solubility and associated impact estimates for the 
Mediterranean

Mechanism Impacts
Importance for the 
Mediterranean References

Photolysis rates 
changes

Reduction in 
photolysis rates 
near-surface and 
impact on O3 net 
production

15–20% lower JNO2, JO3 
reduction up to 10–30 ppb 
O3 (Athens)
−24% in O3 net production 
(Finokalia)
Up to −20% in JO3 and 
JNO2; up to −2 ppb of O3 
(Lampedusa)

Astitha et al., (2007, 
2008)
Gerasopoulos et al. 
(2012)
Mailler et al. (2016)

Acid 
displacement 
reactions

Deficit of halogens in 
aerosols and more 
halogens in the gas 
phase

8% Cl deficit
55% Br deficit
0.6 × 104–4.7 × 104 Cl cm-3

Kouvarakis et al. 
(2002)
Arsene et al. (2007) 
for indications of Cl 
presence

Heterogeneous 
reactions on 
aerosol surfaces

Depletion of HOx 
(HO2, OH), N2O5, 
HNO3, O3, and NOx 
and formation of 
HONO, HNO3, and 
ClNO2

HNO3 + NO3
− night-time 

formation = 50–65% of total
Loss of up to 4 ppb d−1 of O3 
due to dust

Vrekoussis et al. 
(2007)
de Reus et al. (2000, 
2005)

VOC multiphase 
reactions

Carbonyl loss and 
formation and SOA 
formation

Oxalate net chemical 
production over the Med. 
Sea: 53 Gg yr−1; 
concentrations: 
0.10–0.15 μg m–3

Derived from 
Kanakidou et al., 
(2020) and ref 
therein

Aerosol acidity Solubilization of Fe 
and P changing dust 
lifetime;
nitrate formation and 
reactive nitrogen 
deposition

Solubilization flux over the 
Med Sea: 11 Gg(Fe) yr−1 and 
1 Gg(P) yr−1

Increase in aerosol nitrate by 
about 20–40 μg m−3

Derived from 
Kanakidou et al. 
(2020)
Nenes et al. (2011)
Astitha et al. (2007, 
2008)
Myriokefalitakis 
et al. (2018)
Nenes et al., (2020a, 
b)

Squizzato et al. (2013), using fine (PM2.5) aerosol composition observations in 
the Venice area in the Po Valley during four periods representative of the different 
seasons in 2009 and the E-AIM thermodynamic model, derived an average aerosol 
pH of 3.02 with maximum in winter (3.62) when aerosol water maximizes and 
minimum (2.27) in summer. The higher aerosol pH in winter over summer can be 
attributed to the higher relative humidity and thus aerosol water content in winter. 
Similar seasonality in aerosol pH is found for five cities in the lower end of the Po 
Valley by Masiol et al. (2020), who used aerosol composition measurements and the 
thermodynamic ISORROPIA II model to infer aerosol acidity, which varied between 
1.5 and 4.5. They found that sulfate and fossil fuel use reduces aerosol pH and 
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nitrate, while biomass burning increases pH. The role of biomass burning and of 
water uptake by aerosols for aerosol acidity has also been discussed by Bougiatioti 
et al. (2016b) who used aerosol chemical composition measurements at Finokalia, 
Crete, Greece in the East Mediterranean and the thermodynamic model ISORROPIA 
II to evaluate the submicron (PM1) aerosol pH. They found submicron aerosol to be 
very acidic with pH varying from 0.5 to 2.8 during the 6-month period of the study 
(June to November 2012), with biomass burning aerosols presenting the highest pH 
and the lowest total aerosol water. This pattern is in line with the presence of non-
volatile cations in the biomass burning aerosol and the presence of relatively high 
amounts of nitrate and ammonia. They have also found a clear daily pattern with the 
most acidic aerosol around noon when temperature is the highest, relative humidity 
the lowest, and thus aerosol water low. During that period of the day, the aerosol 
water is mainly associated with inorganic aerosol components, while during night, 
organics contribute significantly to aerosol water. Overall, organics were found to 
contribute about 27.5% to the total aerosol water at this location.

Kakavas et al. (2021) modeling study over Europe simulated aerosol pH with a 
comprehensive representation of different aerosol sizes. They have found the same 
trend in aerosol pH with the global TM4-ECPL model (Myriokefalitakis et  al., 
2015; Pye et al., 2020) with the smaller particles being more acidic than the larger 
ones, reflecting the chemical composition of the aerosols and the associated amount 
of aerosol water. Figure 3 depicts annual mean aerosol pH computed by the TM4- 
ECPL model and shows differences by about 2 pH units between sub- and super- 
micron particles, with the submicron aerosol being the most acidic. It is also found 
that the aerosol acidity increases with altitude due to changes in water vapor 

Fig. 3 Average predicted aerosol pH as a function of size and altitude: (a) and (c) for accumula-
tion aerosol (PM1 in the model) and (b) and (d) for coarse mode aerosol at surface (top) and 2 km 
in altitude (bottom) for the base case simulation annual mean values. (Data from the simulation by 
Kanakidou et al., 2020)
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Fig. 4 Evolution due to anthropogenic and biomass burning emissions changes of the pH of the 
near-surface submicron aerosol in the Mediterranean (left) and dissolution flux of Fe from miner-
als (right): (a) differences in pH units (PAST-PRESENT); (b) absolute pH calculated for 
PRESENT; (c) differences in pH units (PAST-PRESENT); (d) percent changes from the past rela-
tive to present ((PAST-PRESENT)/PRESENT); (e) absolute dissolution fluxes of Fe calculated for 
PRESENT in ng m−2 s−1; (f) projected percent changes in the future relative to present ((FUTURE- 
PRESENT)/PRESENT). Calculations are done with the TM4-ECPL global model using CMIP5 
and RCP6.0 emissions (parameterizations by Myriokefalitakis et al., 2015; simulation shown is 
described in Kanakidou et al., 2020). In these calculations, K+ from biomass burning is not consid-
ered in the thermodynamic model calculations. PAST, PRESENT, and FUTURE with emissions 
for 1850, 2010, and 2100, respectively

availability (0.5–2 units pH over 2 km) (Fig. 3), a trend which is consistent with pH 
inferences from aircraft measurement in the East USA (Guo et  al., 2017). 
Myriokefalitakis et al. (2015) calculated an increase in submicron aerosol acidity 
from the anthropogenic and biomass burning emissions in the region, while a reduc-
tion is projected in the future due to mitigation of air pollution (Fig. 4 left column).
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3.2  Dust Acidification and Nutrients

Acid processing of atmospheric aerosols is affecting the solubility of trace nutrients, 
like iron, phosphorus, and copper, present in the aerosols, which can then become 
readily available to the ecosystems (Ito et al., 2016; Kanakidou et al., 2018; Pye 
et al., 2020). Indeed, nutrient’s mobilization from mineral dust strongly depends on 
the aerosol pH (Shi et al., 2012) as well as the mineralogy of the dust. Similarly to 
Fe, P is also solubilized under acidic conditions in aqueous atmospheric media 
(Myriokefalitakis et al., 2016) (Fig. 4). Pollutants alter the levels of atmospheric 
acidity via the formation of strong acids, such as sulfuric (H2SO4) and nitric (HNO3) 
acid, that eventually transform, partly, dust insoluble minerals, e.g., hematite and 
apatite, into soluble Fe(II) or Fe(III) and PO4

3−, respectively (e.g., Meskhidze et al., 
2003; Nenes et al., 2011; Shi et al., 2011; Stockdale et al., 2016; Ingall et al., 2018). 
Mineral Fe solubilization may also be enhanced by multiphase reactions in the pres-
ence of organic ligands, such as the oxalic acid, under favorable atmospheric condi-
tions (e.g., Saydam & Senyuva, 2002; Paris et al., 2011; Paris & Desboeufs, 2013).

In an effort to explain the observed solubility of atmospheric phosphorus in the 
Mediterranean region, Nenes et al. (2011) performed laboratory experiments dem-
onstrating the ability of acidification to increase Saharan soil and dust solubility 
(bioavailability) by an order of magnitude. They proposed that the atmospheric 
acidification of aerosol particles increases the bioavailability of phosphorus in soil 
dust when dust is mixed with atmospheric pollutants. Similar results were obtained 
by Stockdale et al. (2016) via simulation studies, in which dust and dust precursor 
soil samples collected from the south part of the Mediterranean (Greece, Israel, 
Algeria, Morocco, and Libya) were exposed to similar acidic conditions with the 
ones observed in the atmosphere. They also found a pH threshold above which 
surface-bounds forms are dissolved, while at lower pH values, phosphorus dissolu-
tion is proportional to the amount of H+ exposure. Combining their kinetics findings 
with numerical simulations, they suggested that the observed variability in soluble 
inorganic phosphorus in the Mediterranean (and other ocean regions of the globe 
like North Central Atlantic) can be interpreted by dust acidification.

Atmospheric acidity, over the Mediterranean, is substantially enhanced during 
summertime due to the increased photochemical activity, which further leads to 
increased NOx and SOx oxidation and reduced aerosol water. These, together with 
heterogeneous reactions of acidic gases (NOx, SOx) on dust particles surface that 
also increase the acidity of dust, enhance proton dissolution of mineral dust- 
associated nutrients and thus dust solubility. In line with these findings, Theodosi 
et al. (2010) found a positive correlation of acidity with Fe that has been either dis-
solved in rainwater or subject to dry deposition. Samples processed in this study 
were collected in Crete in the East Mediterranean, and the solubility ranged from 
27.2% for polluted rainwater (pH of 4–5) to 0.5% for Saharan dust episodes (pH 
close to 8). Similarly, observed solubilities of the inorganic fraction of P in aerosols 
over the Mediterranean ranges between 20% and 45%, with the lowest values being 
associated with dust-influenced air masses and the highest ones with air masses 
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from Central Europe (Herut et al., 1999; Markaki et al., 2003, 2010). Myriokefalitakis 
et al. (2015, 2016) and Kanakidou et al. (2020) calculated enhanced mineral Fe and 
P dissolution fluxes over the eastern Mediterranean basin and the Middle East. 
Overall, an increase in the soluble Fe and P deposition fluxes over the Mediterranean 
Sea resulting from the acidity-driven dissolution of dust is calculated to be about 11 
Gg-(Fe) yr−1 and 1 Gg(P) yr−1, respectively (Kanakidou et  al., 2020; Table  1). 
Additionally, it is suggested that emissions from biomass burning and anthropo-
genic origin oil combustion also contribute to the soluble Fe levels (Ito et al., 2019), 
and through deposition, they can impact ocean biogeochemistry (Ito et al., 2016). 
Oxalate aqueous-phase formation, and therefore the organic ligand-promoted Fe 
dissolution, is also favored by the higher biogenic NMVOC emissions during the 
warm season, which are precursors of organic ligands (e.g., Myriokefalitakis 
et al., 2011).

The aforementioned dust aerosol chemical aging is reducing the lifetime of dust, 
which also depends on the aerosol size distribution (the smaller the particles, the 
longer they stay in the atmosphere). Indeed, the lifetime of Fe-containing aerosols 
has been estimated between less than 1 day for the super-micron aerosol and weeks 
for the submicron aerosol (Kok et al., 2017), while the overall dust aerosol lifetime 
has been estimated between 1.6 and 7.1 days (Huneeus et al., 2011). However, eval-
uation of the lifetime of dust and how it is changing during atmospheric transport 
and processing remains challenging (Renard et al., 2018). Large differences have 
been found between models of the atmospheric Fe cycle due to both the aerosol size 
distribution and solubilization parameterization of dust (as a measure of model 
divergence, the ratio of the standard deviation to the ensemble model mean was 
examined and found regionally larger than 2; Myriokefalitakis et al., 2018). Future 
emission scenarios (van Vuuren et  al., 2011) show that the sources of the main 
acidic atmospheric species, such as nitrogen (NOx) and sulfur (SOx) oxides, are 
expected to decrease by 34–59% and 75–88%, respectively, between 2010 and 
2100, but ammonia (NH3) will most probably increase by 3–55%. This heterogene-
ity in the projection of acidic and alkaline emissions will, overall, nonlinearly per-
turb both atmospheric aerosol acidity (Weber et al., 2016) and dust acidification, 
and the produced nutrients will be transferred into the ocean. Particularly for the 
Mediterranean region, Kanakidou et al. (2020) demonstrated that the preindustrial 
soluble P and soluble Fe deposition rates were lower compared to modern times 
(i.e., 35% and 54%, respectively), but they will almost return to the present-day 
levels, in the foreseeable future. The aforementioned differences, however, integrate 
changes of both direct emissions and atmospheric processing (Fig. 4). Overall, these 
changes may be of particular importance and play a key role in ecosystems like in 
the Mediterranean and particularly its eastern basin, where phytoplankton growth is 
limited by P availability.

Furthermore, nitrate and ammonium partitioning to the aerosol phase are also 
affected by acidity, and since gases are more efficiently exhibiting dry deposition 
compared to submicron aerosols, changes in acidity lead to changes in the deposi-
tion patterns of those nutrients (Nenes et al., 2021). Interestingly, nitrate partition-
ing to the aerosol phase is favored at higher pH, while NH4

+ partitioning shows 
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opposite dependence on the pH and is favored in an acidic environment. Thus, trans-
port and deposition of reduced nitrogen response to aerosol acidity changes are 
different from those of the oxidized nitrogen (Nenes et al., 2021). In addition, the 
aforementioned heterogeneous reactions, which favor partitioning of nitrate onto 
the coarse mode aerosol, reduce the residence time of nitrate and therefore affect its 
atmospheric deposition patterns through increased sedimentation.

Following the methodology by Nenes et al. (2020, 2021), Fig. 5 provides policy- 
relevant information on the sensitivity of particulate matter (PM1) levels and of dry 
reactive inorganic nitrogen deposition fluxes, respectively, to total ammonia and 
nitrate availability. The figure depicts chemical domain classifications based on 
model results for grid cells of 2 deg in latitude by 3 deg in longitude over an extended 
Mediterranean region (southern Europe and northern Africa; Kanakidou et al., 2020).

According to these calculations, in more than 60% of the area, the aerosol 
(Fig. 5a) is exclusively sensitive to NH3, another 15% exclusively sensitive to HNO3, 
5% insensitive, and the remainder sensitive to both HNO3 and NH3. Thus although 
policies for PM1 reduction may differ among areas, PM1 is sensitive to NH3 over 
about 80% of the area, and PM1 is sensitive to HNO3 over about 35% of the areas. 
These results support the great potential of reduction in PM1 levels by controlling 
NH3 emissions. Figure 5b shows that dry deposition of reactive nitrogen is fast both 
for the oxygenated and the reduced inorganic nitrogen forms, which are thus rapidly 
lost by dry deposition in the boundary layer.

4
a b

3

2

1

0
0.1 1

Liquid Water Content (µg m–3)
10 10 0.1 1

Liquid Water Content (µg m–3)
10 100

6

5

4

3

2

1

–1

0

A
er

os
ol

 p
H

A
er

os
ol

 p
H

insensitive

HNO3 sensitive

HNO3 fast

HNO3 slow
NH3 fast

NH3 fast

HNO3 fast
NH3 slow

HNO3 sensitive
NH3 sensitive

NH3 sensitive

Fig. 5 (a) Diagram denoting the regimes of particulate matter (PM1) sensitivity to total ammonia 
and nitrate (marked in the figure by HNO3) availability. Note that for most cases, aerosol is either 
exclusively sensitive to total ammonia (red region) or sensitive to both total ammonia and nitrate 
(purple region). (b) Diagram of dry deposition regimes of reactive nitrogen. For most conditions 
simulated by TM4-ECPL, the combination of liquid water content and pH ensures that most of the 
reactive nitrogen dry deposition is rapid (close to the gas deposition velocity limit), meaning that 
it does not allow accumulation of nitrate or ammonia in the boundary layer and that nitrogen 
deposits close to the region it is emitted (for ammonia) and/or produced (for nitrate). Dots show 
the annual mean results from the TM4-ECPL model (Kanakidou et al., 2020) in grids of 2° × 3° 
for the region from 28°N to 48°N and 9°W to 36°E
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4  Conclusion and Perspectives

Aerosols have diverse impacts on atmospheric and precipitation chemistry that have 
been discussed in this chapter. The major ones are related to heterogeneous reac-
tions on aerosol particle surfaces that affect nitrogen reactive species and subse-
quently atmospheric oxidant levels, sulfur dioxide oxidation in the atmosphere, 
secondary organic aerosol formation, and atmospheric acidity. The latter is driving 
solubilization of nutrients or toxic metals, present in aerosols, and overall, precipita-
tion chemistry.

While reactions on dust and sea-salt aerosol have been reasonably well docu-
mented by laboratory and field studies over the past decades, these are not routinely 
integrated in atmospheric modeling owing to difficulties regarding the treatment, 
model setup (e.g., emissions), and computational expense associated with the rigor-
ous treatment and representation of size-segregated aerosol composition and pro-
cesses. Furthermore, the uncertainty associated with studying size-resolved 
processes in the laboratory and field poses additional and significant challenges.

The importance of biomass burning gaseous and particulate products for the lev-
els of atmospheric oxidants and aerosol, which have impacts on climate and health, 
has been pointed out and is of major concern for the scientific and broader commu-
nity. To understand the rapid chemistry that is involved in biomass burning emis-
sions and their aging, fast measuring techniques need to be applied in chamber and 
field experiments that include nocturnal conditions. These will provide information 
on SOA formation and primary carbonaceous aerosol aging as well as on the prop-
erties of the resulting aged aerosols in the atmosphere. Such information is needed 
to improve model simulations of atmospheric aerosols.

Aerosol composition observations and thermodynamic modeling have shown 
that aerosol acidity exhibits significant regional and temporal variability that 
depends on aerosol size, composition, ambient relative humidity, and temperature. 
In the Mediterranean, fine aerosol is strongly acidic, particularly in the absence of 
biomass burning, while the size dependence of aerosol acidity is considerable, up to 
4 pH units. Given that the species found in aerosol is also strongly size dependent – 
and that key processes exhibit pH sensitivity  – many of the impacts of aerosol 
require a comprehensive understanding of the pH and liquid water distributions 
across particle size.

Atmospheric chemical processing of aerosol particles converts insoluble miner-
als to soluble nutrients (or toxic components) that are transported into the ecosys-
tems following the atmospheric deposition of aerosols. The latter is of importance 
since it supports ecosystem growth and carbon sequestration. The same soluble 
metal species can also have a significant negative impact on human health. Therefore, 
chemical aging of atmospheric aerosol is changing the key properties of aerosols 
that notably affect the ecosystems. Our understanding of those processes needs to 
be significantly improved and their effects quantified by integrating them into Earth 
system modeling. Given the high concentration of acids and dust in the Mediterranean, 
understanding these interactions is critical for fully appreciating the broader impacts 
of human activities on people, ecosystems, and climate throughout the Mediterranean.
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Abstract
This section reviews current knowledge on the impacts of air pollution on human 
health as well as marine and terrestrial ecosystems in the Mediterranean. The first 
chapter summarizes the human health studies in the region, with special focus on 
the impact of dust and biomass burning events. The last two chapters concentrate on 
the impact of air quality on the marine and terrestrial ecosystems summarizing rel-
evant knowledge from studies performed in the Mediterranean. Results from pro-
cess studies and observations at sea that have been conducted over the past decade 
are summarized along with recent findings from a numerical marine biogeochemi-
cal model that accounts for atmospheric deposition. Effects of air pollution on veg-
etation occurring either indirectly through changes in the physical state of the 
atmosphere (temperature, diffuse radiation) or directly through phytotoxicity, as 
well as plant physiological responses to an excess of critical nutrient levels are pre-
sented and discussed.
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Abstract Associations between air pollution and overall morbidity and mortality 
have long been identified in Europe. Epidemiological studies have shown that there 
is an increased risk of cardiovascular and respiratory morbidity and mortality due to 
exposures from both particulate and gaseous pollutants such as ozone. The 
Mediterranean basin is under the influence of both transported and locally emitted 
primary and secondary air pollutants. The region is particularly susceptible to 
Saharan dust transport episodes, and there are several studies linking these with 
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increased all-cause and respiratory mortality. However, there is a need for in-depth 
studies of these events and their connection to public health. Associations between 
air pollution resulting from biomass burning and morbidity and mortality have also 
been highlighted. Recent data show that air pollution, through various mechanisms, 
impacts not only the lungs and heart but other organs as well. Additionally, climate 
change is expected to introduce further challenges, including impacts on air quality 
and the synergistic effects of heat and air pollution, especially in areas already vul-
nerable to climate change. This chapter summarizes the exposure of the population 
to atmospheric pollutants, the short- and long-term health effects of air quality, and 
mitigation and adaptation strategies for the Mediterranean region.

1  Introduction

The Mediterranean region is greatly affected by the long-range transport of natural 
and anthropogenic pollution. This includes anthropogenic pollutants from industri-
alized continental Europe and the densely urbanized coastline, frequent desert dust 
from the arid areas of northern Africa and the Middle East, and biomass burning 
products from combustion sources and wildfires (Lelieveld et  al., 2002). The 
European Environment Agency (EEA) estimates that air pollution in Europe contin-
ues to be responsible for 412,000 premature deaths attributed to PM2.5 exposure, 
71,000 to NO2 exposure, and 15,100 to O3 exposure (EEA, 2019). In the eastern 
Mediterranean, it is estimated that almost 200,000 people lost their lives in 2012 
because of air pollution (WHO, 2016). Associations between short-term air pollu-
tion and overall mortality have long been identified in the Mediterranean 
(Katsouyanni et  al., 1990). Epidemiological studies have shown that there is an 
increased risk of cardiovascular and respiratory mortality due to both particulate 
(e.g., Perez et al., 2008; Neophytou et al., 2013) and gaseous pollutants (e.g., Parodi 
et al., 2005). Saharan dust transport episodes are also important in the Mediterranean 
region, and there are several studies linking them with adverse health impacts. 
However, a detailed review has emphasized the need for an in-depth study of these 
events and their connection to public health (Karanasiou et  al., 2012). Biomass 
burning pollutants and mortality have also been associated in the region (Faustini 
et al., 2015). Furthermore, effects of long-term exposure to ambient air pollution, 
especially due to fine particulate matter, have been associated with natural-cause 
mortality (Beelen et al., 2014) and cardiovascular- and respiratory-related fatalities 
(Sanyal et al., 2018). Strong relationships between the frequency of hospitalizations 
due to respiratory and cardiovascular diseases and air pollution have been reported 
as well (Middleton et al., 2008), especially with regard to children (Samoli et al., 
2011). Air pollution also may further contribute to lung cancer incidence (Raaschou- 
Nielsen et al., 2013).

This section presents data on the relationship between air pollution and health 
effects at the population level in the Mediterranean region by addressing the 
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assessment and quantification of individual exposure to atmospheric pollutants, the 
short- and long-term effects of air quality on health, and mitigation and adaptation 
strategies. Priority will be given to cardiopulmonary diseases for which evidence is 
greater.

2  Assessing Air Pollution Exposure at the Individual Level

2.1  Level of Exposure

In Europe, the major air pollutants monitored and regulated include gases, such as 
nitrogen dioxide (NO2), ozone (O3), sulfur dioxide (SO2), and particulate matter 
(PM), namely, PM10, with a 50% cutoff aerodynamic diameter of 10 μm, and PM2.5, 
with a cutoff diameter of 2.5  μm (fine particles), including the particulate 
benzo[a]pyrene (BaP) (Table 1). Long- and short-term exposure to these air pollut-
ants have different adverse health impacts on humans including respiratory and car-
diovascular diseases, neuropsychiatric complications, metabolic conditions, cancer, 
fetal growth, and low birth weight. Of relevance in terms of health implications due 
to its increased ability to travel deep into the lungs and permeate the bloodstream, 
smaller particulate matter, known as ultrafine particles (UFPs), with an aerody-
namic diameter of less than 0.1 μm is also beginning to be monitored but is not yet 
regulated in Europe.

NO2 pollutes the air mainly as a result of road traffic and energy production 
through fossil fuel combustion. While stratospheric O3 acts as a beneficial filter for 
UV radiation from the sun, tropospheric O3 is considered a pollutant and has nega-
tive consequences for human health. It is generated from other air pollutants, such 

Table 1 European Union (EU) reference values and World Health Organization (WHO) air 
quality guidelines (AQGs) for the main air pollutants (Annesi-Maesano, 2017). PMx particles with 
a 50% cutoff aerodynamic diameter of x μm, NO2 nitrogen dioxide, O3 ozone, SO2 sulfur dioxide, 
BaP benzo[a]pyrene

Compound EU reference value WHO AQGs

PM2.5 25 μg m−3 annual mean 10 μg m−3 annual mean
25 μg m−3 24-h mean

PM10 40 μg m−3 annual mean
50 μg m−3 24-h mean (not to be exceeded on >35 days per 
year)

20 μg m−3 annual mean
50 μg m−3 24-h mean

NO2 40 μg m−3 annual mean
200 μg m−3 1-h mean

40 μg m−3 annual mean
200 μg m−3 1-h mean

O3 120 μg m−3 8-h mean 100 μg m−3 8-h mean
SO2 125 μg m−3 24-h mean (not to be exceeded on >3 days per 

year)
20 μg m−3 24-h mean
500 μg m−3 10-min 
mean

BaP 1 ng m−3 annual mean
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as oxides of nitrogen (NOx), carbon monoxide (CO), and non-methane volatile 
organic compounds (NMVOCs), through UV photochemical reactions, resulting in 
higher ozone levels during summer months. O3 can also vanish when it reacts with 
other pollutants; hence, in Europe, O3 levels tend to be lower in urban polluted areas 
than in semi-urban regions. SO2 has disappeared in the Mediterranean except nearby 
sources.

Particulate matter is the sum of all solid and liquid particles suspended in air and 
is produced from both anthropogenic (traffic, domestic combustion, agricultural 
operations, industrial processes, combustion of wood and fossil fuels, and construc-
tion and demolition activities) and natural (windblown dust, wildfires and volcano 
eruptions) activities. Particles range in both size and chemical composition. Particles 
are considered primary or secondary, according to whether they are directly emitted 
from a source (primary particles) or formed in the air by transformation of gaseous 
emissions (secondary particles). The contaminants, namely, oxides of sulfur, NOx, 
VOCs, and ammonia (NH3), form secondary particulate matter as a result of both 
human and natural activities (see the chapter by Sartelet, 2022). In Europe, sulfates, 
nitrates, and organic matter are the primary components of particulate air pollution 
in terms of particle mass, whereas in North Africa, the main contributor to particle 
mass is crustal matter of desert dust (Kchih et al., 2015; Terrouche et al., 2016). As 
reported by the European Environmental Agency (EEA), even though air quality in 
Europe has improved over recent decades, the levels of air pollutants still exceed 
EU standards and, a fortiori, the most stringent World Health Organization guide-
lines. In addition, in some sites, concentrations of monitored air pollutants have 
never significantly diminished (Annesi-Maesano, 2017).

According to the EEA, estimations from the period 2014 to 2016 showed that a 
significant proportion of the urban population in the EU-28 was exposed to concen-
trations of certain air pollutants above EU limit or target values, despite prior reduc-
tions in emissions. The number of people exposed was even higher when more 
stringent WHO air quality guidelines were applied (Table 1). For PM2.5, 6–8% of the 
EU-28 urban population was exposed to concentrations in excess of the EU limit 
value of 25 μg m−3, while 74–85% was exposed to concentrations above the former 
WHO guideline value of 10 μg m−3. For PM10, the respective exposure estimates 
were 13–19% above the EU limit value of 40 μg m−3 and 42–52% above the former 
WHO guideline value of 20 μg m−3. For NO2, the estimates were 7–8% above both 
the EU limit and the WHO guideline values, and for O3, the estimates were 7–30% 
above the EU target value and 95–98% above the WHO guideline value.

2.2  Methods for Assessing Exposure

Studies assessing the health impact of air pollution require accurate exposure assess-
ments at the individual level. Unfortunately, a precise measurement of exposure for 
any given person at a particular moment in time or for a specific duration is compli-
cated and often unfeasible. Instead, several methods have been used to estimate 
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Fig. 1 Methods for assessing air pollution in health impact investigations

exposure and approximate averages over the course of a defined period. These 
methods range from satellite observations of the earth to personal measurements of 
specific biomarkers (Fig. 1). They are divided into “semi-individual,” i.e., attribut-
ing the same exposure assessment to several individuals at once, and “individual” 
when a measurement for a given pollutant can be done for a specific person. 
Additionally, while direct measurements of pollutant concentration values may be 
obtained and applied to anyone within a given radius in some locations, there are 
many regions, cities, and countries that do not have the capacity for such measure-
ments, and concentration values are produced instead through modeling.

Earth-observing satellite measurements have been found to be an important 
source of data for modeling PM concentrations in places where air pollution is not 
monitored and indeed can cover the entire globe (van Donkelaar et  al., 2010). 
Satellites measure a quantity called aerosol optical depth (AOD), which is a mea-
sure of the extinction of reflected sunlight by dust, haze, and other aerosols, includ-
ing particulate matter. AOD is a dimensionless number that is related to the amount 
of aerosol in the vertical column of atmosphere over the observation location. 
Models can then combine this information with ground-based measurements in 
order to extrapolate an assessment of PM2.5, for example, at a fixed spatial and tem-
poral resolution.

Some studies have provided estimates of PM2.5 using a combined geophysical- 
statistical method with information from satellites, models, and monitors providing 
ground-based observations of PM2.5 concentrations (van Donkelaar et  al., 2016). 
Additional sources of information have been used to estimate PM speciation, for 
example, with the GEOS-Chem chemical transport model. Multiple studies have 
reliably shown the use of exposure assessment from satellite-based models to gen-
eral (Hu, 2009; Andersen et al., 2012), as well as to specific, health disorders due to 
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distinct dust events (Goudie, 2014). However, the most important application of 
long-term exposure to PM2.5 to health, as assessed by satellite, is provided by the 
GBD assessment, the World Health Organization (WHO, 2016) assessment (http://
www.who.int/gho/phe/outdoor_air_pollution/burden/en/), and the Environmental 
Performance Index (http://epi.yale.edu).

Both individual and semi-individual assessments can be made starting from fixed 
monitoring stations, which are often scattered throughout an urban area and main-
tained by a governmental organization. Most of the investigations on the health 
impacts of air pollution in Europe have been done using values obtained from moni-
toring stations (Samoli et al., 2011). These air pollutant concentrations are com-
bined with models and in situ temporary device measurements to get higher 
resolution and to include unmonitored locations to study the health impact of air 
pollution, as in the case of national dispersion models (Gandini et al., 2018; Sanyal 
et al., 2018).

One approach largely used in many European epidemiological investigations 
covering unmonitored locations is the land-use regression (LUR) model. This model 
is based on monitored patterns of the air pollutant of interest to estimate its concen-
trations in a particular area. LUR requires input on the environmental characteristics 
of the area, especially those that influence air pollutant emission intensity and dis-
persion efficiency such as traffic, topography, and other geographic variables. The 
LUR algorithm uses a multivariate regression model with the monitored levels of the 
air pollutant of interest as the dependent variable and all the other variables as the 
independent variables. LUR often relies on geographic information systems (GIS) to 
collect measurements. Using the parameter estimates derived from the regression 
model, levels of air pollution are predicted for any location, even for individual 
homes, thus providing individual assessments. As an example, LUR has been used 
in the ESCAPE (http://www.escapeproject.eu) project (Wang et al., 2014).

True individual assessments have recently become a reality. The field of small or 
individual portable air quality sensors is of growing interest within the scientific 
community, especially because this new technology is expected to both improve air 
pollutant monitoring by aggregating data from multiple devices, as well as be used 
for personal exposure quantification. While these sensors are not as robust or as 
accurate as those at fixed stations, they allow for monitoring real-time exposure to 
major air pollution, and collectively, they can provide much more detail for a given 
region and cover a larger area, as well as provide useful comparisons between one 
location and another. Because they are cheaper and easier to maintain, these sensors 
can be deployed in greater numbers in places where air pollution monitors have 
been lacking.

In terms of personal exposure, measurements from these sensors, despite the 
variability in performance, may potentially be able to determine a more accurate 
assessment of one’s individual exposure than that of a fixed monitor by virtue of 
considering location-dependent variations, time spent indoors, and other factors that 
vary from person to person. In Europe, one example of a personal air pollution 
monitor used in epidemiological studies is the Canarin, a portable device carried by 
the individual that continuously measures exposures to PM2.5 at 60 second intervals 
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automatically sending data in real time to a cloud-based server (Languille et al., 
2020). These devices have allowed individuals in a given epidemiological cohort to 
have their own unique exposure assessment rather than a blanket value given to 
everyone living in a specific area.

Previously, many epidemiological studies have also considered various proxies 
to air pollution exposure for an individual, including proximity to air pollution 
sources, such as major roads, freeways, or industrial sites, with different size buffers 
assessed using a GIS, responses to questionnaires on the amount of traffic near the 
home, or percentages of the urban space near their residence or place of work. These 
surrogate parameters have shown their value in epidemiology by allowing assess-
ments of adverse effects of air pollutants (Ranzi et al., 2014).

3  Short-Term Effects

3.1  The Effect of Particulate Matter on Human Health

The relationship between particulate matter and daily mortality and hospital admis-
sions has been well documented in various geographic areas worldwide, (i.e., 
Katsouyanni et  al., 2009). To explore associations between specific atmospheric 
pollutants and health, models consider confounding environmental variables such 
as temperature, relative humidity, and levels of other pollutants. Adjustments are 
also usually performed for days of the week, holidays, seasonality, information on 
influenza epidemics, and possible long-term trends. It should be noted that in the 
studies henceforth described in the following sections, the associations between 
pollution levels generally refer to an increase in particulate mass concentration in 
steps of 10 μg m−3 and to a lag time between exposure and health outcome of zero 
or one day unless stated otherwise.

 Mortality Studies

There are several studies across the Mediterranean providing evidence for the 
adverse effects of particulate atmospheric pollutants. In one of the earliest studies of 
the Air Pollution on Health: European Approach (APHEA) project, in which data 
from Athens and Barcelona were included, Katsouyanni et  al. (1997) showed 
strongly significant associations between particulate matter (PM) and increased 
total (all-cause) mortality. In a follow-up project (APHEA2), additional data from 
Tel Aviv and Rome were analyzed, showing that for the Mediterranean region, a 
PM10 increase was associated with an increase in the total daily number of natural 
deaths (Katsouyanni et  al., 2001). The effects were consistently higher for the 
elderly category (>65 years old) compared to those for all ages (Aga et al., 2003). 
With respect to specific causes of mortality, a PM10 increase of 10 μg  m−3 was 
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associated with 0.76% (95% confidence intervals (CI95): 0.47–1.05%) and 0.58% 
(CI95: 0.21–0.95%) increase in cardiovascular and respiratory related deaths, respec-
tively (Analitis et al., 2006). A meta-analysis of data from eight Italian cities (proj-
ect MISA, Meta-analysis of the Italian studies of short-term effects of air pollution) 
on the effects of PM10 on mortality showed that older people (>75 years) are more 
vulnerable to higher particulate mass loadings in the atmosphere, especially during 
the warmer months (Biggeri et al., 2001). In a follow-up project in 15 Italian cities 
(MISA-2), it was found that an increase in PM10 was associated with an increase in 
natural mortality of 0.31% (CI95: 0.19–0.74%; Bellini et al., 2007). An evaluation of 
the short-term impacts of air pollution on mortality in 13 Spanish cities showed that 
both total suspended particulates (TSP) and PM10 have an association with daily 
mortality, the coefficients obtained for cardiovascular and respiratory causes being 
greater than for all-cause mortality (Ballester et al., 2002). An increase for TSP and 
PM10 was associated with a 0.7% (CI95: 0.1–1.4%) and 1.2% (CI95: 0.5–1.8%) 
increase in cardiovascular mortality, respectively. And a 1.3% (CI95: 0.1–2.4%) and 
1.3% (CI95: 0.1%, 2.6%) increase in respiratory mortality, respectively, was also 
observed. In France, a significant effect of PM10 (0.8% risk increase, CI95: 0.2–1.5%) 
and PM2.5 (0.7%, CI95: 0.1–1.6%) on all-ages non-accidental mortality was observed 
in nine cities during the period 2000–2006 (Pascal et al., 2014).

Samoli et al. (2013) investigated the effect of the size of atmospheric aerosol 
particles on mortality in 12 European Mediterranean cities (LIFE+/MED- 
PARTICLES project), a parameter that reflects the source and hence the composi-
tion of atmospheric aerosols. They found that health effects of PM are driven mainly 
by the size of PM2.5. For an interquartile range (IQR) increase in PM10, PM2.5 (fine 
particles), and PM10–2.5 (coarse particles) in the eight cities with data on all three PM 
metrics (namely, Athens, Barcelona, Emilia Romagna (region), Madrid, Marseille, 
Milan, Rome, and Thessaloniki), increases in all-cause mortality were 0.64%, 
0.76%, and 0.33% for the three particle size classes, respectively, and 2.4%, 3.8%, 
and 0.84% for respiratory mortality, when accounting for cumulative exposure 
through the previous 5 days (5-day lag; Fig. 2).

Interestingly, for an increase in 10 μg m−3, it was found that there was a stronger 
association between PM10–2.5 and mortality among those <75 years old (0.76%, CI95: 
0.03–1.49%) in contrast with stronger associations with PM2.5 in the elderly (versus 
≥75 years old) category (0.77%, CI95: 0.43–1.10%). Samoli et al. (2014) further 
investigated the associations between PM2.5, PM10–2.5, and PM10 with specific cause 
of mortality considering diabetes, cardiac diseases, cerebrovascular diseases, lower 
respiratory tract infections (LRTI), and chronic obstructive pulmonary disease 
(COPD) as the main mortality diagnoses in the European Mediterranean cities of 
the MED-PARTICLES project. PM2.5 had an adverse effect on all mortality out-
comes considered. The highest effect was observed for deaths due to COPD for 
cumulative exposure after 6  days (2.5% increase in mortality for an increase in 
PM2.5; CI95: −0.01–5.1%), followed by an LRTI death increase by 1.4% (CI95: 
−1.9–4.8%) and cardiac death increase by 1.3% (CI95: 0.27–2.4%). The highest 
increase estimate on deaths was observed due to diabetes, both for fine (1.2%, CI95: 
1.6–4.2%) and coarse particles (1.3%, CI95: −7.1–10.4%). It is worth noticing that 
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Fig. 2 Percent increase (CI95) in mortality outcomes associated with 10 μg m−3 increases in PM 
for each metropolitan area. Mortality results from models for (a) all causes (lag 0–1), (b) cardio-
vascular causes (lag 0–5), and (c) respiratory causes (lag 0–5). Abbreviations: ER Emilia Romagna, 
Thess/ki Thessaloniki. (Reprinted from Samoli et al., 2013 )

in Rome, although mean concentrations of air pollutants have decreased over the 
last two decades, effect estimates for a fixed increment in each exposure were gener-
ally consistent (Matteo et al., 2020). These findings suggest that there has been little 
or no change in the overall toxicity of the air pollution mixture over time.

 Morbidity Studies

Several studies provide evidence for associations between PM levels in the atmo-
sphere and hospitalizations in the Mediterranean region. A 10-year analysis in 
Nicosia showed that for an increase in daily PM10, there was an increase of 0.90% 
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(CI95: 0.6–1.2%) in all-cause and 1.2% (CI95: 0.0–2.4%) in cardiovascular admis-
sions (Middleton et al., 2008). For Mediterranean European cities (project MED- 
PARTICLES), both PM10 and PM2.5 were associated with cardiovascular admissions 
the same day as the exposure and with respiratory admissions 1 or 2 days afterward 
(Basagaña et al., 2015). Short-term health effects of air pollution were studied in 
Beirut in the frame of the BAPHE (Beirut Air Pollution and Health Effects) project 
(Nakhlé et al., 2015a). Relative risks of admissions for respiratory and cardiovascu-
lar diseases were calculated for the year 2012. Total respiratory admissions were 
significantly associated with an increase in daily mean pollutant concentration for 
PM10 (1.2%, CI95: 0.4–2.0%) and for PM2.5 (1.6%, CI95: 0.0–3.2%). Regarding sus-
ceptible groups, total respiratory admissions were associated with PM2.5 and PM10 
on the same day for children (increase 1.3%, CI95: −1.5–4.2% and 1.4%, CI95: 
0.0–2.9% for PM2.5 and PM10, respectively; Nakhlé et  al., 2015b). Moreover, a 
nearly significant association was found between particles and total circulatory 
admissions for adults and elderly groups on the same day. Significant associations 
between hospitalizations and PM10 levels increase have also been reported (0.70%, 
CI95: 0.58–0.81%) even for smaller scale studies as in the semi-urban touristic Greek 
peninsula of Magnesia (Kalantzi et al., 2011).

 Desert Dust and Health Effects

Desert dust originating from either North Africa or the Middle East is an atmo-
spheric pollutant that greatly affects the Mediterranean basin. Dust transport can 
lead to particulate mass levels that substantially exceed the established legal limit 
values and result in the highest observed values across the Mediterranean. Methods 
for dust quantification may rely on dust concentration modeling results, air mass 
back trajectory analysis, in situ measurements of particulate mass or chemical com-
position of particles, space- and ground-based remote sensing techniques, and com-
binations among these methods. As the identification of dust in PM has been based 
on several diverse methods, it must be considered when discussing the health effects 
of desert dust that the results may vary solely due to the different approaches for 
defining desert dust particles or dust episodes. Another limitation is the different 
dust source regions in the various desert areas of the Sahara or Middle East (in the 
easternmost Mediterranean region), produce dust with distinct mineralogical com-
positions, and hence distinct toxicities (Querol et al., 2019).

There are several studies presenting associations between the occurrences of des-
ert dust in the atmosphere and mortality rate increases. For the city of Rome, 
Mallone et al. (2011) found that during dust episodes, the cardiac mortality increase 
per IQR increase of PM10 was enhanced (9.6%, CI95: 3.8–15.6%) compared to dust-
free days (2.1%, CI95: −0.76–5.0%). Jiménez et al. (2010) reported statistically sig-
nificant increases in mortality rates for the elderly in Madrid during dust days 
similar to those reported for PM2.5 for non-dust days; however, they found no effect 
of coarse particles on mortality during days with or without the presence of dust. 
For the same area, Tobias et al. (2011a) found that during dust days, the 10 μg m−3 
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increase in PM10–2.5 raised total mortality by 2.8% (CI95: 0.1–5.8%) compared with 
0.6% (CI95: −1.1–2.4%) during non-dust days. In Barcelona, mortality was found to 
increase to 8.4% (CI95: 1.5–15.8%) compared to 1.4% (CI95: −0.8–3.4%) for dust- 
free conditions (Perez et al., 2008).

With regard to cause-specific mortality, the strongest cardiovascular effects were 
found during Saharan dust episodes with an indication of effect modification by the 
presence of dust (Perez et al., 2012). Non-accidental mortality was found to increase 
by 2.3% (CI95: 1.4–3.1%) and 3.8% (CI95: 3.2–4.4%) in non-desert dust and desert 
dust periods in Sicily, Italy, associated with an increase in PM10 at lag 0–5 days 
(Renzi et al., 2018), with more pronounced effects during the warm season (April to 
September). A high increase of respiratory-related mortality in the region of Emilia- 
Romagna, Italy, was found for people aged 75 or older, reaching 22% (CI95: 
4.0–43%), reaching up to 34% (CI95: 8.4–65%) in the warm period (Zauli Sajani 
et al., 2010). In a study covering several southern European cities in the frame of the 
MED-PARTICLES project, significant associations were found for both dust and 
non-dust periods with mortality: a PM10 increase was associated with increases in 
natural mortality of 0.55% (CI95: 0.24–0.87%) and 0.65% (CI95: 0.24–1.06%), 
respectively. The association with desert dust appeared stronger for cardiovascular 
than for respiratory mortality (Stafoggia et al., 2016). It is worth mentioning that 
they found that 15% of days were affected by desert dust at ground level with a 
gradient from north to south and west to east. In the eastern Mediterranean, 
Neophytou et al. (2013) found a 2.4% (CI95: 0.53–4.4%) increase in daily cardiovas-
cular mortality on dusty days in Cyprus. In urban areas where other important 
sources of atmospheric pollutants are abundant, however, the health impacts of des-
ert dust particles may not be as clear. Samoli et al. (2011) found that traffic-related 
particles in Athens, which prevail on non-desert dust days, have more toxic effects 
than dust particles.

There are also several studies linking the long-range transport of desert dust to 
hospitalizations in the Mediterranean region. During dust storms in Cyprus, it was 
found that all-cause and cardiovascular admissions were, respectively, 4.8% (CI95: 
0.7–9.0%) and approximately 10% (CI95: −4.7–28%) higher for a PM10 increase 
(Middleton et al., 2008). Samoli et al. (2011) reported PM10-enhanced effects on 
emergency hospital admissions for pediatric asthma during desert dust days. The 
presence of dust in the atmosphere increased the effect of the PM10–2.5 on hospital-
izations due to respiratory causes to approximately 15% (CI95: 5.3–25%) against 
0.32% (CI95: −6.3–6.1%) for dust-free days per IQR increase in Rome. It also 
increased the effect of PM10 on cerebrovascular diseases (5.0% with CI95: 0.39–9.9%, 
against 0.90% with CI95: −2.3–4.3%; Alessandrini et al., 2013). Admissions due to 
respiratory causes have also been associated with dust periods regarding increased 
levels of PM10 and PM10–2.5 in Madrid (Reyes et  al., 2014) and only of PM10 in 
Athens (Trianti et al., 2017). Dadvand et al. (2011) focused on the impact of Saharan 
dust episodes on pregnancy complications and the subsequent outcomes at delivery 
(birth weight and gestational age) without finding any significant effects. Tobías 
et al. (2011b) suggested potential risk of meningococcal meningitis linked to desert 
dust episodes.
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Overall, the most consistent patterns between dust presence in the atmosphere 
and health impacts seem to be the increase in daily cardiovascular mortality and the 
hospitalizations for respiratory causes. There are profound differences reported in 
the literature, however, that are likely due to the different approaches in the epide-
miological studies and to the quantification and characterization of desert dust 
(Querol et al., 2019).

 Health Impacts of Combustion Products

In a meta-analysis for the fine atmospheric particle constituents that have the high-
est association with mortality, traffic and wood combustion products (elemental car-
bon (EC) and K) had a stronger association with mortality (Achilleos et al., 2017). 
There are few studies covering the Mediterranean region focused on the health out-
come of the inhalation of particulate matter originating from combustion processes. 
The health impact of forest fires in several European cities in the Mediterranean 
region was studied by Faustini et al. (2015). They identified forest fire events based 
on smoke surface concentration maps supplied by the NAAPS Navy Aerosol 
Analysis and Prediction System—US Naval Research Laboratory Marine 
Meteorology Division, http://www.nrlmry.navy.mil/aerosol model using aerosol 
optical depth (AOD) from satellite measurements and the fire-related smoke plumes. 
Smoky days were associated with an increase of 1.8% (CI95: −0.91–4.5%) in natural 
mortality and of 6.3% (CI95: 1.0–12%) in cardiovascular mortality. A PM10 increase 
was likely to enhance mortality rates by 0.53% (CI95: 0.30–0.76%). Dhaini et al. 
(2017) estimated an average mortality fraction of 7.8–10% for EC from PM2.5 mea-
sured during two intensive campaigns in winter and in summer in Beirut (Lebanon). 
The average attributable number of deaths (AD) and years of life lost (YLL) were 
found to be 257–327 and 3086–3923, respectively. Similar findings were reported 
by Analitis et al. (2012) for the city of Athens where they used black smoke (BS) 
data, a measure of the particulate mass determined by reflectometry and highly cor-
related to elemental carbon (Heal & Beverland, 2017). They found that the effect of 
BS on mortality is greater for respiratory causes and proportional to the size of the 
fire affecting the city. Their findings were almost identical for the number of cardio-
vascular deaths (6.0%, CI95: 0.3–12.6%) but were substantially higher for the num-
ber of total (4.9%, CI95: 0.3–9.6%) and respiratory (16%, CI95: 1.3–33%) deaths.

Associations between BS concentrations and relative risks of mortality have also 
been reported for the Iberian Peninsula. In the framework of the project EMECAM 
(Spanish multicenter study on air pollution and mortality), a 10 μg m−3 increase in 
the BS concentration across seven cities in Spain was associated with a 0.8% (CI95: 
0.4–1.1%) increase in total mortality (Ballester et  al., 2002). In a more detailed 
analysis covering only Athens and Barcelona, Ostro et al. (2015) used black carbon 
concentration (BC) in situ data, derived from optical instruments to investigate the 
association between daily concentrations of BC and total cardiovascular and respi-
ratory mortality. Combining the data for the two cities using the 3-day moving BC 
average concentrations, associations were found with excess risks of 2.5% (CI95: 
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0.7–4.3%), 3.6% (CI95: 0.6–6.5%), and 8.9% (CI95: 3.4–14.4%) per μg m−3 increase 
in BC for all-cause, cardiovascular, and respiratory mortality, respectively. Overall 
estimates were generally highest for respiratory mortality, with both cities reaching 
statistical significance for the same day exposure and a 3-day cumulative lag struc-
ture, and for mortality, among those older than 65.

Basagaña et al. (2015) examined the relationship between particulate constitu-
ents and hospitalizations and mortality in five southern European cities, three in 
Spain (Barcelona, Madrid, and Huelva) and two in Italy (Rome and Bologna), for a 
period of 10  years (2003–2013). Several individual species, namely, Elemental 
Carbon EC, SO4

2−, SiO2, Ca, Fe, Zn, Cu, Ti, Mn, V, and Ni, were associated with 
increased percent changes in hospital admissions. Most associations saw a 1% or 
2% increase for one IQR increase in pollutant levels, reaching almost 3% for EC 
from PM2.5 for cardiovascular admissions and for EC and Ni from PM2.5 for respira-
tory admissions. EC as a product of combustion processes was found to cause con-
sistent increased risks for mortality and hospitalizations. Increases in respiratory 
mortality and hospitalizations and cardiovascular hospitalizations were associated 
with SO4

2−. Health effects were also associated with metals contained in atmo-
spheric particles. SiO2, Ca, Fe, and Ti had strong effects in all cities and have a 
mineral origin. Their abundance may be attributed either to road dust or to desert 
dust. Effects of Ni and V on respiratory admissions and of Ni on respiratory mortal-
ity were found. These particulate constituents are commonly linked to the combus-
tion of fuel oil. However, it should be noted that some of the constituents resulting 
in adverse health effects in this study were highly correlated, and hence, it was not 
possible to identify the exact responsible pollutant.

3.2  Impacts of Gaseous Pollutants

The health impacts of air quality have been widely studied assuming mainly ambi-
ent particles as pollution indicators, but gaseous pollutants have also been associ-
ated with adverse effects on morbidity and mortality. Within the framework of the 
APHEA project, a coordinated study of the short-term effect of the atmospheric 
oxidant exposure on mortality for six European cities took place. O3 and NO2 were 
used as indicators of exposure (Touloumi et al., 1997). Significant positive associa-
tions were found between daily deaths and both NO2 and O3. Increases of 50 μg m−3 
in NO2 (1-h maximum) or O3 (1-h maximum) were associated with a 1.3% (95% 
confidence interval 0.9–1.8) and 2.9% (95% confidence interval 1.0–4.9) increase in 
the daily number of deaths, respectively. Athens and Barcelona, representing the 
Mediterranean environment, presented significant increased risk for mortality. 
Gryparis et al. (2004) investigated short-term effects of O3, both annual and sea-
sonal, on daily total natural, respiratory, and cardiovascular mortality for the cities 
of APHEA2 project. For cardiovascular mortality, the effect was higher in southern 
European cities (0.8% increase in the daily number of deaths per 10 μg m−3 increase 
in O3) compared with northwestern (0.54%) and central eastern (0.19%) Europe. 
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Accounting only for the summer period when O3 concentrations are higher, the 
percentage increase in the total daily number of natural deaths was found to be high-
est in Athens. Parodi et al. (2005) also found a stronger effect in summer for the city 
of Genoa, where a synergistic effect between O3 and temperature on cardiovascular 
mortality was observed. Short-term effects of photochemical air pollutants on mor-
tality were investigated in seven Spanish cities involved in the EMECAM project. 
Significant positive associations were found between daily mortality and NO2, once 
the rest of atmospheric pollutants were considered. A 10 μg m−3 increase in the daily 
average concentrations was associated with an increase in the daily number of 
deaths of 0.43% (CI95: 0.0–0.86%) for all causes and 1.00% (CI95: 0.24–1.85%) for 
cardiovascular mortality. O3 was only related to cardiovascular daily mortality, with 
a 0.56% (CI95: 0.07–1.13%) increase for a 10 μg m−3 increase in the 8-hr maximum 
O3 level (Saez et al., 2002). In a study of 10 Italian cities, significant associations 
between NO2 and natural, cardiac, and respiratory mortality were also found, espe-
cially among subjects with cardiovascular preexisting chronic conditions and diabe-
tes (Chiusolo et al., 2011).

Mortality rate enhancements have also been associated with SO2. In the frame of 
the APHEA project, Katsouyanni et al. (1997) were among the first to show that for 
Europe, associations between higher SO2 levels and increases in daily mortality 
may be of a casual nature. Adverse effects of SO2 were also shown in the EMECAM 
project (Ballester et  al., 2002). Interestingly, peak values of SO2 concentrations 
showed different relations with mortality than did daily concentrations (0.2% (CI95: 
−0.4–0.9%) against 0.5% (CI95: 0.1–1.0%) increase in total “deaths”. SO2 concen-
tration increases have been associated with the number of daily emergency admis-
sions for asthma in children in several European cities (APHEA2 project), Rome 
included (Sunyer et  al., 2003a). For an increase of 10 μg  m−3 of SO2, the daily 
number of admissions increased by 1.3% (CI95: 0.4–2.2%). For the same increase, 
they also found an increase of 0.7% (CI95: 0.1–1.3%) of all cardiovascular admis-
sions on the same and the next day (Sunyer et al., 2003b). It must be noted that these 
studies could not distinguish the impact of SO2 from the effect of other pollutants. 
Samoli et al. (2011) reported that the same increase in SO2 was associated with a 
6.0% (CI95: 0.88–11.3%) increase in pediatric asthma hospital admissions in Athens.

Samoli et al. (2007) found adverse effects of CO on mortality from all causes, 
and specifically cardiovascular causes, using an extensive European database 
(APHEA2 project). With respect to Mediterranean cities, data from Athens, 
Barcelona, Valencia, and Rome were included in the study. For Athens, an increase 
of 1 mg m−3 in CO was associated with 1.0% (CI95: 0.7–1.3%) increase in total 
mortality in agreement with the earlier study of Touloumi et al. (1996) who reported 
an increase of 1.0% (CI95: 0.5–1.5%). Additionally, gaseous pollutants have been 
associated with daily admissions for respiratory diseases (Anderson et  al., 1997; 
Sunyer et al., 1997).

Dhaini et al. (2017) conducted field campaigns during summer and winter sea-
sons in Beirut with the measurement of 70 non-methane hydrocarbons. The US EPA 
fraction-based approach was used to assess non-cancer hazard and cancer risk for 
the hydrocarbon mixture. Benzene was found to be the highest contributor to cancer 

N. Kalivitis et al.



473

risk (39–43%), followed by 1,3-butadiene (25–29%), both originating from traffic 
gasoline evaporation and combustion.

4  Long-Term Effects

Long-term exposure to polluted air can result in chronic health effects. The long- 
term effects of atmospheric pollution presumably exceed those of short-term expo-
sures and have a larger impact in terms of years of life lost. Early studies in Europe 
assigned about 6% of annual deaths to outdoor air pollution (Künzli et al., 2000). 
One of the earliest studies to include a city from the Mediterranean region (Marseille) 
showed an association between air pollution levels assessed in the 1970s and long- 
term mortality in France (Filleul et al., 2005).

The European Study of Cohorts for Air Pollution Effects (ESCAPE) was a 
13-nation study of long-term health effects of air pollution based on subjects pooled 
from up to 22 cohorts, originally intended for other purposes, cohorts in Rome and 
Athens included. Overall, it was concluded that an increase of 10 μg m−3 in PM2.5 
was associated with an increased hazard ratio of 1.14 (CI95: 1.04–1.26) for all-cause 
mortality (Lipfert 2017). Long-term exposure to fine particulate air pollution was 
associated with natural-cause mortality, even within concentration ranges well 
below the present European legislated values (Beelen et al., 2014). A meta-analysis 
for PM10 and PM2.5 showed associations with risk for lung cancer. The overall meta- 
analysis hazard ratio estimates of 1.22 (CI95: 1.03–1.45%) per 10 μg m−3 in PM10 
and 1.18 (CI95: 0.96–1.46%) per 5 μg m−3 in PM2.5, respectively, were representative 
for the Mediterranean cohorts (Raaschou-Nielsen et al., 2013).

In a study analyzing data from cohorts in Italy, Spain, and Greece, associations 
between exposure to air pollution and low birth weight at term were investigated 
(Pedersen et al., 2013). They showed that an increase in risk of low birth weight at 
term was associated with a 5 μg m−3 increase in PM2.5 during pregnancy (adjusted 
odds ratio 1.18%, CI95: 1.06–1.33%), and reductions in birth weight and birth head 
circumference were also reported. On the other hand, in an analysis including 
cohorts from France, Greece, and Italy in the Mediterranean region, no statistically 
significant association between long-term exposure to specific atmospheric particu-
late constituents and total cardiovascular mortality was found (Wang et al., 2014). 
Long-term exposure had a nonsignificant association with exposure to air pollutants 
for nonmalignant respiratory mortality as well (Dimakopoulou et al., 2014).

In the framework of the LIFE MED HISS project, there were studies in France, 
Italy, Slovenia, and Spain investigating the potential links between long-term expo-
sure to outdoor air pollution and adverse health effects using previously available 
cohorts. The outcomes of these studies have direct implications for the Mediterranean 
region. In a countrywide study in Italy, long-term effects of air pollution on a large 
series of causes of hospitalization were studied (Gandini et al., 2018). For 10 μg m−3 
increases in PM2.5 and NO2 levels, positive health risks were found. They estimated 
hazard ratios associated with the two pollutants were, respectively, for circulatory 
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system diseases, 1.05 (CI95: 1.03–1.06) for PM2.5 and 1.05 (CI95: 1.03–1.07) for 
NO2; for myocardial infarction, 1.15 (CI95: 1.12–1.18) and 1.15 (CI95: 1.12–1.18); 
for lung cancer, 1.18 (CI95: 1.10–1.26) and 1.20 (CI95: 1.12–1.28); for kidney cancer, 
1.24 (CI95: 1.11–1.29) and 1.20 (CI95: 1.07–1.33), for all cancers (but lung) 1.06 
(CI95: 1.04–1.08) and 1.06 (CI95: 1.04–1.08); and for low respiratory tract infections, 
1.07 (CI95: 1.04–1.11) and 1.05 (CI95: 1.02–1.08). Also significant was the associa-
tion of NO2 and hospital admissions for atherosclerosis (hazard ratio of 1.10, CI95: 
1.03–1.17).

A nationwide study in France confirmed the adverse effects of long-term expo-
sure to air pollutants on respiratory, cardiovascular, and all-cause mortality and 
morbidity, from the analysis of results from two different surveys, the ESPS (Health 
Care and Insurance Survey) survey data and the CepiDc (French Epidemiology 
Center on Medical Causes of Death) database (Sanyal et al., 2018). The first survey 
supported long-term effects of air pollutants on all-cause mortality, and relative 
risks of 1.032 (CI95: 1.021–1.065) for PM2.5 and 1.072 (CI95: 1.052–1.092) for PM10 
were found. Additionally, a significant effect was seen for NO2 (1.041, CI95: 
1.024–1.058) and O3 (1.018, CI95: 1.002–1.035). From the second dataset, exposure 
to both PM2.5 and PM10 had a significant 12-year long-term effect on mortality from 
natural causes (relative risks of 1.024, CI95: 1.022–1.026 for PM2.5 and 1.029, CI95: 
1.027–1.031 for PM10), cardiovascular diseases (1.022, CI95: 1.015–1.029 and 
1.047, CI95: 1.045–1.051), and respiratory diseases (1.037, CI95: 1.029–1.031 and 
1.056, CI95: 1.043–1.069). NO2 was also related to a higher risk for all-cause mortal-
ity and cardiovascular diseases and O3 to all-cause and respiratory mortality. Another 
study was focused on potential associations between residential exposure to green-
ness and mortality throughout Spain (de Keijzer et al., 2017). Overall, they found a 
reduction of 10 months of life for a 5 μg m−3 increase of PM10, while an increase in 
greenness was associated with lower mortality and higher life expectancy only in 
areas with lower socioeconomic status.

A detailed study for the effect of long-term exposure to NO2 and PM2.5 on mor-
tality was conducted by Cesaroni et al. (2013) in Italy. They analyzed a population- 
based cohort in Rome from 2001 with 9 years of follow-up, considering residential 
exposures to NO2 and PM2.5, as well as distance to roads and traffic intensity. 
Statistically significant positive associations between long-term exposure to NO2 
and PM2.5 and non-accidental mortality were found, with hazard ratios of 1.03 (CI95: 
1.02–1.03) and 1.04 (CI95: 1.03–1.05) per 10-μg m−3 increase in pollutant concen-
tration, respectively. The strongest association was found for ischemic heart dis-
eases, followed by cardiovascular diseases and lung cancer. Proximity to high traffic 
roads and high traffic intensity were also associated with non-accidental, cardiovas-
cular, and ischemic heart disease mortality. Long-term health effects of air pollutant 
concentrations in the Maltese Islands were reported by Fenech and Aquilina (2020). 
The attributable mortality associated with long-term exposure to PM2.5 and NO2 
ranges from 0.67% (CI95: 0.27–1.07%) to 11.8% (CI95: 7.8–15.5%) depending on 
the location. Meta-analyses have provided evidence that long-term exposure to air 
pollution, especially metrics of traffic-related air pollution such as nitrogen dioxide 
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and black carbon, is associated with the onset of childhood asthma (Thurston 
et al., 2020).

5  Modeling and Projections

The Mediterranean region is considered a hot spot for climate change, and air qual-
ity will be subject both to environmental changes and any adopted mitigation poli-
cies. Human activities have greatly altered atmospheric composition in the region. 
Compared to preindustrial levels, long-term exposures to PM10, PM2.5, and O3 con-
tributed to 313 and 2186 excess premature non-accidental deaths (cardiovascular 
diseases accounted for 45–55% of air pollution-related deaths) in Marseille and 
Rome, respectively, as well as 889 and 8978 additional hospital admissions for car-
diovascular diseases in 2015 (Sicard et al., 2019). EU policies have greatly affected 
atmospheric pollution in the Mediterranean since the 1990s with a direct impact on 
human health. Ciarelli et al. (2019) used PM2.5 concentrations over Europe to per-
form a Health Impact Assessment during the 1990–2015 period. A substantial 
reduction in the number of premature deaths from PM2.5 exposure in the 
Mediterranean countries was estimated, almost 42% fewer premature deaths per 
year. For the year 2015, it has been calculated that in Europe, the mean per capita 
mortality rate attributable to ambient air pollution by PM2.5 and O3 exceeds the 
global mean with 133 deaths per year per 100,000 inhabitants, resulting in 790,000 
excess deaths overall, while the loss of life expectancy for Europeans due to air pol-
lution was calculated to be 2.2 years (Lelieveld et al., 2019). Of these excess deaths, 
48% may be attributed to cardiovascular diseases. The Mediterranean is among the 
regions with significant excess deaths attributed to air pollution (Fig. 3).

It is expected that climate change will have a negative effect on air quality in the 
Mediterranean region and will therefore impact public health. Cholakian et  al. 
(2019) investigated the effect of different drivers on total PM and PM10 components 
in future scenarios for the Mediterranean. They found a maximum change of +25% 
for winter and −19% for spring, indicating different behaviors than in other 
European regions. Emission reduction policies will reduce PM2.5 components, but 
as the PM10 concentration in this area is dominated by dust and salt, these policies 
will not significantly lessen the overall Mediterranean PM10 burden, especially as 
scenarios show increased dust concentrations, particularly in the eastern part of the 
basin. Colette et al. (2015) conducted a meta-analysis for 25 ozone pollution projec-
tions in Europe and concluded that climate change is very likely to enable enhanced 
summertime concentrations, especially across the Mediterranean basin. Additionally, 
the synergistic effects of heat and air pollution on mortality have been highlighted 
in the Mediterranean region and Europe overall (Analitis et al., 2018; Scortichini 
et al., 2018). There are potentially large complementary benefits between air pollu-
tion and climate change mitigation strategies that would result in improving human 
health in the Mediterranean.
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Fig. 3 Regional distribution of estimated annual excess mortality rates from cardiovascular dis-
eases attributed to air pollution. (Reprinted from Lelieveld et al., 2019)

6  Other Diseases Related to Air Pollution

Health conditions other than cardiopulmonary diseases have been associated with 
air pollution as shown by European studies, among others. These include lung can-
cer and other malignancies such as bladder cancer and childhood leukemia; vascular 
diseases such as stroke; autoimmune diseases including diabetes mellitus, lupus, 
polyarthritis, allergic sensitization, and allergic rhinitis; neurodegenerative condi-
tions, reduced cognitive function, and increased risk of dementia; delayed psycho-
motor development; and indicators of lower intelligence in children (Schraufnagel 
et al., 2019). In addition, air pollution exposure in pregnant mothers is significantly 
associated with lower birth weight and prematurity in newborns (Schraufnagel 
et al., 2019). In another example, proximity to high traffic roads and high traffic 
intensity in Rome were also associated with mental health (Cesaroni et al., 2013). 
Vert et al. (2017) analyzed the association between long-term exposure to air pollu-
tion and self-reported history of depression and anxiety disorders and of medication 
use in an adult population (from 45 to 74 years old) in Barcelona. Levels of NOx, 
NO2, PM10, and PM2.5 showed a statistically significant association with self- 
reported history of depression and, additionally, an increase in the odds of taking 
medication for anxiety and depression with increasing pollutant levels. In most 
cases, however, causality has not yet been established, and the relationships may be 
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due to other factors, such as stress, smoking, lower socioeconomic status, and 
neighborhood factors.

7  Mitigation and Adaptation

Human exposure to air pollution can be managed through mitigation and adapta-
tion. Mitigation measures are those actions that are taken to reduce and curb air 
pollutant emissions, while adaptation measures are based on reducing vulnerability 
to the effects of air pollution. Mitigation, therefore, attends to the causes and sources 
of air pollution, while adaptation addresses its impacts at population and individual 
levels. Existing studies have shown that both mitigation and adaptation are effective.

The benefits of reducing air pollution, by either eliminating the source of air pol-
lution or by lowering emissions from a particular source, have been demonstrated in 
several real situations. In a classic example from Ireland in the 1950s, a significant 
decrease in standardized respiratory mortality rates in Dublin coincided with the 
ban on the sale of coal (Dockery et al., 2013). Similarly, in the Swiss SAPALDIA 
cohort of adults, a reduction of PM10 concentrations was associated with a slow-
down in lung function impairment (Downs et al., 2007) and the improvement of 
respiratory symptoms (Schindler et al., 2009). In another natural experiment, the 
reduction in the use of asthma care and hospital admissions was observed during the 
Atlanta and Beijing Summer Olympics due to temporary, but strict, restrictions on 
traffic (Friedman et al., 2001; Li et al., 2010). On a smaller scale, intervention stud-
ies involving changes in fuel used for public buses from diesel to cleaner fuels show 
reductions in premature cardiopulmonary morbidity and mortality (Adar et al., 2015).

In addition, on a theoretical level, using “Health Impact Assessment (HIA)”-type 
calculations, the European study APHEKOM (Improving Knowledge and 
Communication for Decision Making on Air Pollution and Health in Europe) con-
ducted in nine European cities made it possible to assess the potential benefits 
linked to the improvement of air quality (www.aphekom.org). Life expectancy at 
30 years increased by 3.6–7.5 months depending on the city, the equivalent of post-
poning approximately 3000 deaths per year, assuming average annual concentra-
tions of PM2.5 were lower than the protection values indicated by WHO (10 μg m−3).

Also, through HIA, the recently conducted PARTLESS study showed that in the 
XIVth arrondissement of Paris, the improvement of emission standards, the increase 
in the use of electric vehicles, and the elimination of diesel vehicles can prevent more 
than 148 deaths per year for that single neighborhood alone (Maesano et al., 2020).

Certain population groups, such as children, the elderly, and those suffering from 
chronic diseases, including cardiopulmonary diseases, diabetes, and obesity, have 
been identified as more susceptible to the effects of air pollution. In addition, certain 
genetic deficits, as in the case of GST (glutathione superoxide dismutase), have 
been implicated, and those who have it suffer from a reduction of the response to air 
pollutants via an antioxidant mechanism. Besides genetically sensitive individuals, 
there are also people who are more vulnerable to the effects of air pollution simply 
because of excessive exposure due to their employment or socioeconomic position. 

Air Quality and Health Impacts

http://www.aphekom.org/


478

In general, the inhabitants of large cities can be considered a vulnerable population 
due to the heavy traffic, industrial discharges, lack of green space, and the urban 
environment in which they live, particularly those living close to highways. In addi-
tion, it has been shown that even long-term, frequent exposure to pollution levels 
below the former WHO guidelines but frequently found in cities can engender 
adverse effects (Thurston et al., 2020).

Personal-level interventions can include personal respirators or face masks. The 
efficacy of such protections is difficult to evaluate due to their heterogeneity. 
Respirators used in occupational settings generally capture only large particles 
(4–20 μm), while N95, FFP2, and FFP3 devices are more effective against smaller 
particles. Their efficacy, however, varies between experimental tests and environ-
mental conditions (Pacitto et al., 2019). Simple observations of the spatial disper-
sion of air pollution and variations in concentration levels show that avoiding highly 
trafficked roads and streets allow people to be less exposed. Indoors, air pollution 
such as that from cooking or smoking cigarettes can be reduced through behavior 
change, such as new methods in cooking or abstention of smoking, as well as by 
opening windows and allowing for a cross breeze on a regular basis. Significant 
results from intervention studies have shown that it is important to advise patients on 
how they can protect themselves from air pollution effects (Schraufnagel et al., 2019).

In summary, the analysis of the effects of measures to reduce air pollution shows 
their effectiveness with a significant reduction in associated health events. However, 
many of these studies consider only one reduction measure at a time, and further 
studies considering several prevention and avoidance measures simultaneously are 
necessary.

8  Conclusion and Recommendations

The frequency and accuracy of air pollution exposure assessment has improved 
greatly over recent decades. It is currently possible to get spatial-temporal exposure 
values at the individual level. Exposure to air pollution in the Mediterranean region 
is associated with adverse health effects in various organs, even for low concentra-
tions of air pollutants. Despite the European policies for clean air and the decrease 
of pollutant levels during past decades, the reference values are often exceeded, and 
there has been little or no change in the overall toxicity of the air pollution mixture 
over time as concluded from analyzing 17 years of data from Rome (Renzi et al., 
2017). In some cases, as in Athens, socioeconomic conditions may have a direct 
effect on exposure to poor air quality, and the associated mortality risk for those 
with low socioeconomic status may have even increased (Tzima et al., 2018). It is 
therefore a persistent problem that so far has yet to be adequately addressed. To 
defend the population from the effects of air pollution, it is necessary to reduce 
emissions of gases and particles by limiting their sources (especially diesel in cities) 
and by modifying the behavior of individuals through the use of intelligent applica-
tions and pollution sensors. More precise studies are expected that consider the 
concept of the exposome, which is the lifetime sum of all exposures, including air 
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pollution, to study the effects of several simultaneous prevention measures. The 
health challenges emerging due to climate change demand mitigation approaches 
that go beyond emission control.
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Abstract This chapter presents the current  knowledge on the impact of atmo-
spheric deposition from natural sources, such as Saharan dust, and from anthropo-
genic activities, on marine chemistry and biogeochemistry of the open Mediterranean 
Sea. Results from process studies and observations at sea that have been conducted 
over the past decade are summarized along with recent findings from a numerical 
biogeochemical model of the ocean that accounts for atmospheric deposition.
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1  Introduction

The Mediterranean Sea is considered as an oligotrophic sea representative of a low- 
nutrient and low-chlorophyll system (LNLC). Due to high deposition fluxes of des-
ert dust and anthropogenic aerosols (whose sources are close to the Mediterranean 
basin and numerous), atmospheric inputs impact the cycles of chemical elements of 
biological interest in the open Mediterranean Sea which can affect the regional eco-
system. From about May to October, the upper water column is stratified (D’Ortenzio 
et al., 2005), and the sea surface mixed layer (SML) is nutrient-depleted, inducing a 
low productivity (e.g., Bosc et al., 2004). Consequently, during these 6 months, the 
atmosphere is considered as an important source of new nutrients for the SML of the 
open sea (as derived from in situ and experimental evidences, e.g., Migon et al., 
2002; Ridame & Guieu, 2002, and from the modelling approach considering verti-
cal transfers of nutrients by diffusion, by Richon et  al., 2018). When comparing 
with available diffusive fluxes quantified at the upper nutricline limits (>60 m, i.e., 
much deeper than the base of the SML at about 10–15 m), recent estimates (Table 1) 
for the western basin show that atmospheric deposition of soluble nitrogen is of the 
same order of magnitude as diffusive flux. For soluble phosphorus, these deep dif-
fusive fluxes are much higher. For a better comparison between the different nutri-
ent fluxes entering the SML, the atmospheric fluxes should be compared to the 
diffusive fluxes through the pycnocline at the base of the SML. Unfortunately, such 
fluxes are not yet available in the literature.

The NO3:PO4 molar ratio in deep Mediterranean waters, of the order of 22–28, is 
higher than the molar Redfield ratio of 16:1, indicating that P is the controlling fac-
tor of primary production (PP) in the open surface waters during the stratification 
period (e.g., Krom et al., 1991; Kress & Herut, 2001; Marty et al., 2002; Thingstad 
et al., 2005). Yet PP can also be limited by N (Tanaka et al., 2011) or co-limited by 
both N and P (Zohary et  al., 2005; Tanaka et  al., 2011). It has to be noted that, 

Table 1 Comparison of soluble atmospheric and diffusive N and P fluxes in mmol m−2 d−1. The 
diffusive fluxes were quantified during the stratified period, across the nutricline

Atmospheric soluble 
N N diffusive flux Atmospheric soluble P P diffusive flux

Whole 
Mediterranean:
0.10
Kanakidou et al. 
(2020)
0.084
Guerzoni & 
Molinaroli (2005)

Northwestern 
Mediterranean Sea:
0.09–0.4
Mouriño-Carballido 
et al. (2016)
Tyrrhenian Sea:
0.42–0.70
Taillandier et al. 
(2020)
Algerian Basin:
0.07–0.118
Taillandier et al. 
(2020)

Whole Mediterranean:
(0.15–2.16) 10−3 
Kanakidou et al. (2020)

Algerian Basin:
2 10−3

Tyrrhenian Sea:
13 10−3

Vincent Taillandier 
Personal Comm. 
(2020)
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during the stratified period, the concentrations of dissolved iron ([dFe]) are rela-
tively high due to atmospheric Fe accumulation in the SML (Bonnet & Guieu, 
2004), suggesting that Fe is not a limiting factor for PP.  Heterotrophic bacterial 
activity is also limited by P or NP co-limited (Sala et al., 2002; Tanaka et al., 2011), 
suggesting a competition for nutrient uptake between heterotrophic bacteria and 
autotrophic phytoplankton. Dinitrogen fixation (N2 fixation) is not limited by Fe or 
co-limited by P and Fe in the open surface waters. It is rather P limited in the west-
ern and eastern basins (Rees et al., 2006; Ridame et al., 2011). Interestingly, in the 
central basin, N2 fixation could be limited or co-limited by a trace element released 
by dust different from Fe and dissolved inorganic phosphorus (DIP) (Ridame 
et al., 2011).

Atmospheric deposition is a major source of nutrients for the eastern basin, sup-
plying N and P (wet + dry) far in excess of the Redfield ratio (e.g., Herut et al., 2002; 
Carbo et al., 2005; Markaki et al., 2010). The detailed nutrient budget of inputs to 
the basin shows a major contribution from atmospheric origin and a high N:P ratio 
in all other input sources (Krom et al., 2004). This observation suggests that the 
atmospheric input of nutrients may contribute significantly to the high NO3:PO4 
ratios in the deep East Mediterranean waters, which is preserved because of insig-
nificant denitrification in such an oligotrophic basin (Krom et al., 2004).

This situation makes the open Mediterranean Sea an excellent natural laboratory 
to study the biogeochemical effect of atmospheric inputs on the water column. 
Through some examples, we show hereafter how atmospheric inputs impact marine 
cycles of elements, and from recent investigations, we establish the link between 
atmospheric deposition and ecosystem responses in such LNLC areas.

The importance of atmospheric inputs for marine chemistry in the Mediterranean 
Sea has been revealed during the past ~30 years (e.g., first review by Guerzoni et al., 
1999; Richon et al., 2018). For metals, to our knowledge, only one study provided 
a budget taking into account inputs from the atmosphere, the rivers, and the straits 
at the scale of the western Mediterranean Sea (Elbaz-Poulichet et al., 2001). This 
budget is particularly interesting as it considered the inputs under dissolved form 
(concentration of the fraction below 0.2 or 0.4 μm) that likely includes the bioavail-
able fraction. It shows that for all the metals considered in that study (Mn, Fe, Ni, 
Co, Cu, Zn, Cd, and Pb), the atmospheric inputs significantly dominate the river 
inputs over annual timescales. In the case of Fe, the atmospheric source even domi-
nates the inputs from the straits. Such facts imply that atmospheric deposition plays 
a key role in the marine cycle of pollutants (such as Pb) and key biogeochemical 
elements (such as Fe). Concerning macronutrients, at the small scale of the Gulf of 
Lions, the atmosphere does not represent a significant source of dissolved inorganic 
phosphorus (DIP) and dissolved inorganic nitrogen (DIN) (Durrieu  de Madron 
et al., 2003). However, at the scale of the western and eastern basins and at the scale 
of the whole Mediterranean Sea, experimental approaches and models show the 
significance of atmospheric deposition for both budgets.  Loÿe-Pilot et al. (1990) 
and Guerzoni et al. (1999) concluded that atmospheric DIN input is of the same 
order of magnitude as the riverine input for the northwestern Mediterranean and for 
the whole Mediterranean Sea. For DIP, at the annual scale and for the western 
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Table 2 Comparison of atmospheric and riverine nutrients annual fluxes at the scale of the whole 
Mediterranean Sea

Species
Atmosphere
(Kanakidou et al., 2020)

Rivers
(Ludwig et al., 2009)

Soluble N (Tg-N yr−1) 1.28 1.08
Soluble P (Gg-P yr−1) 4.31–61.27 49.4

Mediterranean Sea, the inputs from the atmosphere represent 8–30% (Bergametti 
et al., 1992; Ridame, 2001) and 37% (Guerzoni et al., 1999) of the riverine inputs. 
For the eastern Mediterranean, according to Krom et al. (2004), atmospheric inputs 
of DIN and DIP account for 61% and 28% of the total budget of N and P, respec-
tively. The most recent estimates at the scale of the whole Mediterranean Sea are 
reported in Table 2 and show that the same orders of magnitude are found for both 
soluble N and soluble P from atmosphere and rivers.

A recent modelling study simulating the period 1997–2012 (Richon et al., 2018) 
concluded that atmospheric deposition accounts on average for, respectively, 10% 
of total nitrate and for 5–30% of DIP external inputs to the entire water column at 
the basin scale.

These figures demonstrate the importance of the fraction originating from the 
atmosphere, particularly for the open seawaters, outside of the direct influence of 
the riverine inputs. Atmospheric inputs reach the sea surface by means of wet and 
dry deposition. Partitioning between dissolved and particulate phase in rainwaters 
depends on many factors and is described in another chapter (Desboeufs, 2022). 
Dissolved atmospheric fraction is the sum of actual dissolved fraction in wet depo-
sition plus a fraction that will possibly dissolve in surface seawater from dry deposi-
tion. This is what is likely bioavailable and both bacteria and phytoplankton will 
compete to uptake these nutrients in such an oligotrophic system (Ridame et al., 
2014; Pulido-Villena et al., 2014; Guieu et al., 2014a; Pitta et al., 2017). Dust depo-
sition can also result in removal of DIP and nitrate (Louis et al., 2015) and trace 
elements (Fe, Al) in seawater (Wagener et al., 2010; Bressac & Guieu, 2013; Wuttig 
et al., 2013) linked to particle dynamics, governed by the quality/quantity of dis-
solved organic matter (DOM). Such findings were made possible by the use of 
mesocosms and large minicosms where dust was sprayed at the surface and the 
dynamics of the settling particles can be taken into account contrary to batch 
approaches where the dust concentration is homogenized (Fig.  1a) (de Leeuw 
et al., 2014).

There is thus a suite of processes that rules the availability of new nutrients 
depending on in situ conditions at the time of the deposition (Fig. 1b). The “realistic 
view” experiments can be carried out in situ (mesocosms) or in the laboratory (mini-
cosms) and result in the parameterization of the processes involved while the parti-
cles are sinking. Such parameterization can improve complex biogeochemical 
models that make it possible to better quantify the impacts of atmospheric deposi-
tion at different scales of time and space (see, e.g., Richon et al., 2018).
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Fig. 1 Conceptual view of the fate of atmospheric particles after their deposition: (a) “batch reac-
tor” point of view with atmospheric particles perfectly mixed over the SML; (b) hypothetical 
dynamics of atmospheric particles in the water column; at T0, particles are in the surface micro-
layer; after T0, bigger particles (orange) settle faster than smaller particles (black) which form 
aggregates with organic matter (green) at an intermediate depth. (Reprinted from de Leeuw 
et al., 2014)

2  Water Body Impacted by Atmospheric Inputs

A key question concerns the water body actually impacted by both dry and wet 
atmospheric deposition. The way chemicals, after a rain, dilute in time and space in 
the surface waters remains very poorly known, and so far, to our knowledge, dilu-
tion calculations are based on simple mixing of fresh water at the top of the surface 
water. Such calculations simulate short-term conditions in the surface few meters of 
seawater following a rain event (see, for ex., Klein et al., 1997), but the actual situ-
ation seems to be much more complicated because of atmospheric forcing such as 
wind that can upwell nutrients from below (Guieu et al., 2010a). The way atmo-
spheric particles are transported across the surface mixed layer is also crucial 
regarding the dissolution/scavenging processes that will occur in seawater and thus 
regarding the bioavailability of elements associated with those particles. The Stokes’ 
law (Stokes, 1851) was used as a first approach (see, e.g., Ridame & Guieu, 2002) 
to estimate the sedimentation rate of atmospheric particles in surface seawater as a 
function of particle size. For example, the sedimentation rates of the size fraction 
<1 μm that represents at least 90% of the total number of particles (Guieu et al., 
2010b) are very low (<5 cm d−1). In theory, small particles with diameter of 1 μm 
would take several months to sink over a 10 m depth mixed layer, meaning that their 
residence time is long enough to have them accumulated in the SML during the 
whole stratified period (maximum stratification in June and July when the mixed 
layer depth is about 10–15 m over most of the basin according to D’Ortenzio et al., 
2005). This is indeed a very simplistic view as we know that the biota may also play 
a role in the sedimentation of those particles. Indeed, atmospheric dust particles can 
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be rapidly removed from the surface waters together with large organic particles 
produced by biological packaging (Buat-Ménard et al., 1989) or dissolved organic 
matter forming mineral-organic aggregates (Bressac et al., 2012, 2014; Louis et al., 
2017). The role of the sea surface organic microlayer in this complex scheme is also 
unknown, although it can accumulate atmospheric particles (Tovar-Sánchez et al., 
2014) and favors photochemical and biological processes that may affect the trans-
formation of aerosols at the air-sea interface.

3  Particle Dissolution in Seawater and Impacts 
on Marine Chemistry

In all the studies performed within the Mediterranean context, the authors have 
shown that dissolution of atmospheric particles in seawater depends on several 
parameters, among which, the most important are the particles origin, concentra-
tion, and size distribution. For experiments conducted in seawater, the “new” nutri-
ents released from atmospheric particles depend also on the DOM present at the 
time of the deposition.

3.1  Batch Experiments

In batch experiments (Fig. 1a) that cannot take into account the impact of sinking 
particles, it was shown, that the percentage of dissolved Fe (Bonnet & Guieu, 2004) 
and DIP (Ridame & Guieu, 2002; Bonnet et al., 2005) was inversely proportional to 
the amount of particles introduced in Mediterranean-filtered seawater and that this 
percentage was higher for anthropogenic particles than for crustal particles. In those 
experiments, while those percentages could reach up to 15% for inorganic P associ-
ated with Saharan dust, they were shown to be extremely low for Fe (0.05–2%). 
Mendez et al. (2010) have shown that the amount of dissolved iron released when 
using the same Saharan dust and the same dust concentrations as in Bonnet and 
Guieu (2004) was smaller when the dissolution was performed in surface-filtered 
seawater collected in the Pacific. Authors argued that Fe dissolution was dependent 
on the water’s ligand field rather than the type or quantity of dust deposited at the 
surface. The role of Fe binding ligands was confirmed by Wagener et al. (2008), 
who showed that the dust Fe dissolution rates were linearly dependent on iron bind-
ing ligands (Fig. 2a) and dissolved organic carbon concentrations (not shown).

Concerning DIN release from Saharan dust, results depended on whether experi-
ments used evapo-condensed (EC) dust (dust enriched in nitrogen due to the simulation 
of cloud water processes involving HNO3 to mimic the mixing between dust and pollu-
tion during transport; see details in Guieu et al., 2010b and Desboeufs, 2022) or non-EC 
dust. Abiotic batch dissolution experiments in filtered seawater have shown that non-
EC dust (<20 mg L−1) are a negligible source of NOx (NO3

− + NO2
−) and NH4

+ (Ridame 
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Fig. 2 (a) Results from “batch experiments” performed using the same dust in filtered seawater 
sampled each month at the DYFAMED time series site in the Ligurian Sea. They confirmed that Fe 
dissolution from dust is controlled by the concentration of Fe binding ligands [L’]. (Reprinted from 
Wagener et al., 2008). (b) Results from “realistic view” dissolution experiment: same dust, dust 
flux, and protocol were used in three different experiments conducted in minicosms at different 
seasons characterized by contrasted in situ DOM. (Reprinted from Bressac & Guieu, 2013)

et al., 2014). In contrast, the percentage of NOx dissolution reached 100% for EC dust 
concentrations higher than 0.5 mg L−1 (3-h contact time). However, EC dust additions 
(<20 mg L−1) did not significantly change the ambient concentration of NH4

+.

3.2  Mesocosm and Minicosm Experiments

In “realistic view” experiments, dust seeding on top of large pelagic mesocosms with 
the natural assemblage allowed to better evidence of the role of DOM and ligands, in 
relation to biological activity. During the first DUNE experiment in June 2008 (Guieu 
et al., 2010a), the dust seeding at the surface of the mesocosms was immediately fol-
lowed by a decrease in [dFe] in the 0–10 m water column due to dissolved iron scav-
enging  by settling dust particles and mineral organic aggregates (Wagener et  al., 
2010). During the second DUNE experiment (June 2010), two successive dust seed-
ings were performed and both dissolved and particulates Al, Mn, and Fe were moni-
tored (Wuttig et al., 2013). Dissolved Al and Mn showed clear increases directly after 
both seedings with dissolution of (1.44  ±  0.19)% and (0.91  ±  0.83)% for Al and 
(41 ± 9)% and (27 ± 19)% for Mn for the first and the second dust addition, respec-
tively. Interestingly, 3 days after the second dust seeding, dissolved Al concentrations 
decreased as a consequence of scavenging by sinking biogenic particles related to the 
high increase in planktonic material. As for DUNE 1, the first dust addition resulted 
in a scavenging of dissolved Fe by sinking dust particles (net solubility = 0). On the 
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contrary, the second seeding induced dissolution of Fe (0.12% net solubility) from 
the dust particles due to the excess Fe binding ligand concentrations following the 
first seeding that induced fertilization (see following section on biological impacts), 
allowing maintaining higher [dFe]. Following these experiments, Bressac and Guieu 
(2013) conducted several dust seeding experiments on top of minicosms filled with 
filtered Mediterranean seawater and using the same dust and flux as in 
DUNE. Experiments were conducted at three different seasons when the surface sea-
water has very contrasted biogeochemical properties in terms of type and concentra-
tion of DOM. Depending on the season when the sampling was performed, up to one 
order of magnitude difference in atmospheric Fe dust dissolution was observed 
(Fig. 2b). Indeed, when the seawater was characterized by high and fresh DOM con-
ditions (spring, end of summer), the rapid formation of aggregates led to both scav-
enging of dissolved iron and organic complexation, resulting in low dissolution. On 
the contrary, in winter when seawater was characterized by low-DOM conditions, 
there was no aggregation, and a very large transient increase in [dFe] was observed 
before being removed by re- adsorption onto settling particles.

In large pelagic mesocosms (DUNE) seeded with EC dust mimicking a dust wet 
event, results agreed that 100% of N attached to dust was released in seawater a few 
hours after dust addition (Ridame et al., 2014); same results were obtained in mini-
cosms using 0.2-μm filtered seawater (Louis et al., 2018). This indicates that wet 
deposition is a major pathway for this essential nutrient to the Mediterranean Sea. 
Dry deposition simulated by non-EC dust seeding (that has a N content about ten-
fold lower than EC dust) was shown on the contrary to be a negligible source of 
NO3

− (Ridame et  al., 2014). In presence of the natural planktonic assemblage 
(DUNE mesocosms), a transient increase in DIP was observed few hours after the 
EC dust seeding increasing the top layer of the mesocosms of 13 nM DIP (corre-
sponding to a 32.5% increase) (Pulido-Villena et al., 2010, 2014). This was attrib-
uted to 35% dissolution of the total P content in the dust, a dissolution percentage 
comparable to the one established in Ridame and Guieu (2002) from an abiotic 
experiment. The DIP released from dust during DUNE was completely lost 24 h 
after the seeding, interpreted mainly as biological uptake from the natural assem-
blage limited in P or NP co-limited (Pulido-Villena et al., 2010, 2014). This was 
indeed followed by a strong and rapid biological response (increase in both bacterial 
and phytoplanktonic production) (Ridame et al., 2014; Guieu et al., 2014a). Similar 
DIP transient increase followed by a total removal was also observed in Louis et al. 
(2015, 2018) in abiotic condition, indicating that biological uptake is not the only 
process decreasing DIP concentration and that new DIP released from dust could 
also be re-adsorbed by the particles within few days if not uptaken rapidly by biota.

3.3  In Situ Measurements

Simultaneous in situ measurement in both the atmosphere and seawater is another 
interesting approach. The recent advent of the new nanomolar techniques to mea-
sure nutrients in oligotrophic environments, such as the Mediterranean Sea, has 
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greatly improved our knowledge on the role of atmospheric nutrients in the nutrient 
stocks in the surface marine mixed layer. A pioneer study by Pulido-Villena et al. 
(2010) reported the first 1-year time series of concomitant measurements of nano-
molar DIP at the DYFAMED site (Ligurian Sea) and atmospheric measurements at 
a nearby site (see those site locations in Fig. 5). During the stratification period, DIP 
concentration was 1–6  nM in the SML, and interestingly, no increase could be 
observed although the atmosphere was frequently bringing new DIP to the surface 
seawater. This suggests that this biologically available DIP was rapidly taken up by 
the biological activity, which  was confirmed during a dust seeding experiment 
(Pulido-Villena et al., 2010).

Contribution of the organic fraction to the total soluble nitrogen (SON) and phos-
phorus (SOP) atmospheric deposition and its contribution to surface mixed layer 
stocks was recently simultaneously quantified in the NW Mediterranean Sea 
(Djaoudi et al., 2018). The proportions of SON and SOP to total soluble N and P in 
the atmospheric deposition was 40% and 25%, respectively, indicating the impor-
tance of the organic fraction. However, the contribution of atmospheric deposition 
to the DOC, DON, and DOP pools in the SML, estimated for the stratification 
period, was low for P (4.5%) and moderate for N (12%). For iron, the temporal pat-
tern of [dFe] in surface waters is controlled by atmospheric deposition. For exam-
ple, Bonnet and Guieu (2006) observed that the Fe enrichment in the SML that takes 
place all along the stratified period was of the same order of magnitude as the cumu-
lative atmospheric inputs for the same period. This is explained by the fact that 
during the stratified period, the reduced marine mixed layer acts as an almost 
“closed” reservoir: the surface waters are isolated from deeper ones by the physical 
barrier generated by the thermocline, and the atmosphere becomes the main path-
way of Fe supply for the surface waters. In fact, the particulate atmospheric material 
accumulates along the thermocline, and during the stratification period, the export 
of atmospheric material towards the deeper layers is reduced (Migon et al., 2002; 
Ternon et al., 2010). It is important to note that in the study by Bonnet and Guieu 
(2006), the anthropogenic contribution during the stratification period was 44% of 
the total atmospheric [DFe]. In the same area, it was shown in summer 2003 (during 
the heat wave that made the fire season longer) that biomass burning was also a 
significant source of dissolved iron for surface seawater (Guieu et al., 2005).

4  Impact on Ecosystems: From Experiments to In Situ 
Observations and Models

4.1  Direct Impact (Fertilization)

 Artificial Fertilization Experiments

The dominant impacts of twelve different aerosol addition experiments conducted 
in the Mediterranean Sea surface waters over the past decade are summarized in 
Fig. 3. These studies were either performed in bottles, minicosms (300 L), or large 
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Fig. 3 Synthesis of available data on the impact on Mediterranean surface waters biological activ-
ity of natural and anthropogenic additions of aerosols obtained from field studies, and experiments 
performed in laboratories, minicosms and mesocosms. Box-Whisker plots: the box portion shows 
the interquartile range (25th to 75th percentile) of the data set; the horizontal bar within the box is 
the median value; the red cross and number show the mean value. The responses are % changes in 
the aerosol treatment relative to the control after 2–8  days, with zero indicating no difference 
between the aerosol treatment and the control and a positive response indicating an increase in the 
parameter in the aerosol treatment relative to the control. Stocks: BA Bacterial Abundance and 
Chla Chlorophyll a. Fluxes: BR Bacterial Respiration, BP Bacterial Production, PP primary pro-
duction, and N2Fix N2 fixation. Details on experiments can be found in Table 1 in Guieu et al. 
(2014b): only the experiments conducted in the Mediterranean are considered here; original data 
in Bonnet et al. (2005), Guieu et al. (2014a), Herut et al. (2005, 2016), Laghdass et al. (2011), 
Lekunberri et al. (2010), Marín-Beltrán et al. (2019), Pulido-Villena et al. (2008, 2014), Rahav 
et al. (2016), Ridame (2001), Ridame et al. (2011, 2013, 2014), Ternon et al. (2011)

mesocosms, either pelagic or on-land. Different types and amounts of aerosols have 
been added to surface waters with different initial chemical and biological condi-
tions (natural assemblage, limitations), and impacts have been followed during dif-
ferent incubation times.

In spite of these important differences in methodology, all the tested parameters 
indicate a positive response to aerosols addition of both bacterial and phytoplank-
tonic (in particular diazotrophic) communities. The lowest impact was found for the 
stocks (+33% in average of bacteria abundance (BA) and +89% of chlorophyll a 
(Chla)) compared to the biological rates. The strongest impact was for bacteria pro-
duction (BP) with, on average, a factor 4 increase with an important variability 
between experiments. In the ten distinct experiments, the response of N2 fixation 
was high with an average increase of 224%. N2 fixation was more stimulated after 
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aerosols addition than PP. This discrepancy is likely due to different nutrient limita-
tions for PP and N2 fixation. This was shown during the DUNE experiments where 
PP was likely DIN limited or co-limited by both DIN and DIP while N2 fixation was 
likely limited or co-limited by DIP and/or a trace element other than Fe and released 
by dust (Ridame et al., 2013). Despite the strong stimulation by dust inputs, N2 fixa-
tion rates remained low (<1.31 nmol L−1 d−1) and its contribution to primary produc-
tion was low (maximum of 8% in Rahav et al., 2016), confirming that N2 fixation is 
not a key process to provide new N to the surface waters of the Mediterranean Sea 
(e.g., Ridame et al., 2013). The change in the phytoplanktonic biomass (Chla) was 
also associated with important changes in plankton diversity (Laghdass et al., 2011; 
Herut et al., 2005; Lekunberri et al., 2010; Giovagnetti et al., 2013). Relying only 
on stocks to assess the effect of atmospheric deposition could lead to a very partial 
vision as bacteria and phytoplankton biomass are also controlled by grazing. Best 
example is given from phosphate addition to surface waters in the eastern 
Mediterranean Sea during a Lagrangian experiment. The addition caused a negative 
Chla response and an increase in abundance of heterotrophs (both bacteria and zoo-
plankton) (Thingstad et al., 2005). The metabolic fluxes are thus more robust indica-
tors of the effect, and it can be seen that bacterial production is more responsive than 
primary production. As previously stated for other oligotrophic environments 
(Marañón et al., 2010), this indicates an increase in organic matter remineralization 
and a corresponding reduction in organic carbon export. How much the stimulation 
of heterotrophic bacteria would impact carbon export in the Mediterranean Sea and 
other LNLC environments is an important question. To our knowledge, only the 
DUNE experiments allowed one to establish a carbon budget following dust deposi-
tion because metabolic fluxes were measured together with carbon export at the 
base of the large pelagic mesocosm.

The change induced by the dust addition on the total organic carbon pool inside 
the mesocosm over the 7 days of the DUNE experiments was an organic carbon loss 
dominated by bacteria respiration that was at least 5–10 times higher than any other 
term involved in the budget. Although dominated by heterotrophy, a net export of 
particulate organic carbon was measured in the sediment traps partly due to the 
DOM-dust aggregation process. This carbon exported by the “lithogenic carbon 
pump” is detailed hereafter in Sect. 4.2.

 Satellite Observations

Several attempts to observe dust fertilization effects using satellite observations 
have been performed over the Mediterranean basin with contrasting results. Dulac 
et al. (1996) have searched for evidence of the impact of Saharan dust inputs on 
phytoplankton based on daily satellite observations of ocean color (CZCS) and dust 
transport (Meteosat) near the DYFAMED station in the Ligurian Sea in summer 
1983. A careful selection of Chla concentration data was done to avoid data with 
large uncertainties due to the cloud cover and aerosol-induced biases which lim-
ited the time series. However, one particularly intense dust event in late July was 
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observed to be followed by a small but significant increase in phytoplankton con-
centration starting to increase about one week after the dust event from the back-
ground value <0.2 mg Chla m−3 to an observed maximum of about 0.5 mg Chla m−3 
3 weeks after the dust event (with missing Chla data in-between). This case met the 
conditions necessary to connect atmospheric deposition and phytoplankton devel-
opment during the oligotrophic season: (i) a significant increase in Chla, (ii) a real-
istic time lag between the deposition and the increase in Chla, and (iii) a wind speed 
not strong enough during the period (<30 km h−1) to destroy the stratification and 
allow the nutrients to upwell from below. The authors concluded that this was likely 
the first observation of the impact of desert dust deposition on marine biology. This 
pioneer work was followed by a study over a longer period using a combination of 
SeaWiFS ocean color data and dust deposition from models during 2 years over the 
even more oligotrophic eastern Mediterranean Sea (<0.10 mg Chla m−3 from May 
to September) and with a better temporal coverage (Dulac et al., 2004). Authors 
observed a low (0.02–0.16 mg Chla m−3) but systematic increase in Chla concentra-
tion shortly following dust deposition, supporting possible dust fertilization of pho-
toautotrophs organisms of the eastern Mediterranean Sea. On the other hand, the 
authors also showed the occurrence of high winds during dust events. Such winds, 
also responsible for mixing of the waters, could bring nutrients from below to the 
SML. In addition, Claustre et al. (2002) have shown that absorption and scattering 
by mineral dust particles suspended in surface waters after a deposition event likely 
produced a bias in SeaWiFS-derived Chla, resulting in a small but significant over-
estimation of the biomass in such an oligotrophic environment. It is thus very dif-
ficult, if not impossible, to disentangle both effects using only satellite images. 
Mixed conclusions were also reached in Volpe et  al. (2009) based on 5 years of 
satellite data (ocean color and aerosol optical thickness) who also argued that short- 
term responses observed from space after dust events were due to an artifact of the 
satellite data processing. The authors recommended using such satellite data care-
fully to test fertilization hypotheses. Several more recent studies reported small up 
to significant Chla peaks following dust events, but no clear correlation pattern or 
rules could be inferred from satellite time series (e.g., Gallisai et al., 2014, 2016). 
Another recent study (Kotta & Kitsiou, 2019) focusing on the Hellenic Seas showed 
that the Chla increase following a strong dust episode could be of the same order of 
magnitude compared to those reported from experimental studies (see previous sec-
tion) in a limited area. Yet, authors emphasize also on the difficulty of using this 
approach to discriminate between dust and other meteorological effects.

In addition to issues regarding methodological consideration (Volpe et al., 2009), 
such studies based on ocean color, a proxy of the phytoplankton biomass, preclude 
observation of any possible effect on metabolic fluxes (such as primary production 
or respiration), and “fertilization effect” is only seen as an increase in phytoplank-
ton biomass. Yet, experimental approaches have clearly shown the predominance of 
changes for rates rather than stocks as emphasized in the above Section 1.1), and 
that biomass is not a good proxy to test fertilization mainly because biomass is 
strongly influenced by grazing losses. It has to be noted that chlorophyll is not sim-
ply a measure of phytoplankton biomass but also reflects cellular pigmentation 
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arising from photo acclimation and nutrient-driven physiological responses. This 
constitutes an additional caveat when using Chla from satellites as a proxy for bio-
mass responses to dust deposition. Indeed, during and after dust storms, cells likely 
experience lower irradiance levels which could induce higher Chla content but not 
related to an increase in biomass (Behrenfeld et al., 2016).

 Models

Models can also bring a synoptic view of the effects at the Mediterranean Sea scale. 
As shown in the previous sections, our knowledge on deposition impact on 
marine (biogeo)chemistry was improved, mainly thanks to studies conducted over 
the past 15 years. This knowledge is still limited in space and time, and models can 
help fill quantification gaps at the scale of the Mediterranean Sea and help investi-
gate  the extent and locations  of atmospheric deposition of nutrients and their 
impacts  on nutrient(s) (co-)limitation. Recently, Palmiéri (2014) developed a 
regional Mediterranean configuration of the coupled model NEMOMED12/PISCES 
(see Aumont et al. (2015) for the global PISCES biogeochemical model configura-
tion). In PISCES, atmospheric deposition is included as a source of nutrients 
(nitrate, ammonium, phosphate, silicate, and iron), and Richon et al. (2018) consid-
ered atmospheric deposition forcing of nitrogen (nitrate and ammonium) from both 
natural and anthropogenic sources modelled with LMDz-INCA (Hauglustaine 
et  al., 2014) and phosphate inputs from Saharan dust modelled with ALADIN- 
Climate (Nabat et al., 2015). They used both monthly averages of deposition and 
intense 1-day fluxes uniformly distributed over the whole Mediterranean Sea to 
simulate the effect of extreme events (strong fluxes on short timescale as explained 
in Guieu et al. (2014b) for the global scale) that are observed in the Mediterranean 
region. Although some processes, such as the heterotrophic bacterial activity, that 
have been shown to be important from experimental approaches (see previous sec-
tion) are not explicitly represented in the model, interesting results have been 
obtained. Both monthly climatology and extreme events show visible effects during 
the stratification period, and the impacts of anthropogenic N deposition on biology 
was more important than natural dust deposition of P.  Although the highlighted 
impacts are much lower than those obtained from experimental setups (e.g., at max-
imum, a 30% increase in Chla, mainly attributed to N deposition), the model identi-
fied where the different (co-)limitations occured at the scale of the whole 
Mediterranean Sea and for each month and how atmospheric deposition relieved 
these limitations. They showed, for example, that P deposition can alone increase 
primary production in the Adriatic Sea, indicating that this region is P-limited, 
whereas both N and P deposition are needed to increase primary production in the 
Tyrrhenian and Ionian seas, indicating that those regions are N-P co-limited (Fig. 4).

The study confirms the transitory effect of high dust deposition previously 
observed using PISCES at the global scale (Guieu et al., 2014b) with a maximum 
response occurring 4–10 days and 1–5 days after the N and P deposition, respec-
tively. A more regional model study in the eastern Mediterranean Sea (Christodoulaki 
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Fig. 4 Maximal relative impacts (%) of atmospheric deposition of N (left) and P (right) on pri-
mary production observed for the month of June using NEMOMED12/PISCES model. (Adapted 
from Richon et al., 2018)

et al., 2013) also showed significant effects of N and P deposition on primary pro-
duction and phytoplankton biomass but, there again, to a lesser extent than experi-
mental results.

4.2  Indirect Impact on Carbon Export (“Lithogenic 
Carbon Pump”)

In the Mediterranean Sea, based on averaged atmospheric and riverine inputs, the 
aeolian flux of insoluble particles contributes to 50–80% of the deep-sea sedimenta-
tion in offshore waters (Guerzoni et al., 1999). Another fraction of sedimentation 
that is often omitted concerns the particulate organic carbon exported by DOM-dust 
aggregation processes. Earlier studies (e.g., Armstrong et al., 2002) have shown a 
strong association between fluxes of organic carbon and fluxes of ballast minerals in 
the deep sea. Those minerals include biogenic silicate and carbonate and dust, and 
the specific role of dust has been emphasized in several studies (e.g., Dunne et al., 
2007). The Mediterranean Sea is an interesting laboratory to study specifically the 
effect of dust ballast on the export of organic carbon and several studies have 
recently documented both the processes involved and the resulting fluxes. We will 
illustrate this section with two examples showing how the pulsed dust inputs can 
have a quantitative impact on the export of particulate organic carbon not linked to 
an enhancement of primary production but due to the “lithogenic carbon pump” 
(following the name given in Bressac et al., 2014). The first example detailed in 
Ternon et al. (2010) is from simultaneous measurements of a large dust deposition 
that occurred in February 2004 in the Ligurian region and the sediment export in the 
water column at the DYFAMED time series station. This intense dust pulse 
(25 g m−2) was particularly interesting because it occurred during a season when the 
nutrients were not limiting the primary productivity. The effect of that deposition to 
the export of particulate organic carbon (POC) in the water column was thus likely 
dominated by a ballast effect from the dust rather than due to an increase in 
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Fig. 5 An example of an extreme dust deposition event and its impact on marine lithogenic mate-
rial and particulate organic carbon exports in the water column: (a) satellite image showing the 
transport of Saharan dust across the western Mediterranean Sea (SeaWiFS, NASA); (b) total atmo-
spheric deposition mass flux (in red) measured at the Cap Ferrat sampling site (French Riviera) 
along with time series of fluxes from sediment traps at 200 m at the nearby DYFAMED stations 
(43°25’N, 07°52′E; http://www.obs- vlfr.fr/sodyf/) showing the huge increase in both lithogenic (in 
brown) and POC (in green) flux following the event. (Reprinted from de Leeuw et al., 2014)

production. A strong increase in POC export was concomitant to the marine litho-
genic flux that was collected in the traps right after the event (Fig. 5).

This POC exported from the surface layer to deeper layers following the dust 
event represented ~45% of the total annual POC exported over the whole year 2004 
at 200 m in the water column at the DYFAMED site. It showed, for the first time, 
the high potential of the “lithogenic carbon pump” to export substantial amounts of 
POC to the ocean depth. During the DUNE experiment, the POC export was linked 
with both the CO2 fixation induced by the fertilization after artificial dust seeding 
and the dust ballasting DOM present in the water (Bressac et al., 2014). By normal-
izing POC export collected in the sediment traps to the primary production mea-
sured in the water column, Bressac et al. were able to quantify the contribution of 
the lithogenic carbon pump to the total organic carbon export. They showed 
that  42–50% of POC fluxes were strictly associated with lithogenic particles. 
Process studies conducted in 0.2-μm filtered seawater later showed that the intro-
duction of Saharan dust actually triggered the abiotic formation of transparent exo-
polymer particles (TEP) leading to the formation of organic mineral aggregates and 
export (Louis et al., 2017). It is important to note that, so far, this fraction of carbon 
export in the water column is not considered in biogeochemical models indicating 
that a significant part of carbon export following dust pulse could be missed in bud-
gets in oceanic regions impacted by dust deposition such as the Mediterranean Sea 
and the North Atlantic gyre (Pabortsava et al., 2017).
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5  Conclusions and Perspectives

The results presented here demonstrate the need to consider the atmospheric com-
partment as a marine ecosystem forcing that must be included in biogeochemical 
models. Global warming may have strong effects on the stratification of surface 
waters in the Mediterranean Sea by increasing its vertical extent and its duration and 
thus enhancing the fertilizing role of the atmosphere during the whole stratification 
period. A concomitant effect is the possible increase in atmospheric inputs from 
anthropogenic (due to an increasing pressure around the whole Mediterranean 
basin) and natural (from Sahara  but also biomass burning)  sources. Open 
Mediterranean surface pH is projected to decline by up to around 0.3 pH unit by the 
end of the century. One consequence could be a change in atmospheric nutrient 
inputs through a potential increase in their solubility. The role of atmospheric inputs 
in the functioning of the Mediterranean ecosystem could be altered through modifi-
cation of the plankton assemblages with possible consequences for higher trophic 
levels.In light of the results described here, a large experimental effort was set up to 
go further in our understanding of the processes at play at the air-sea interface in the 
Mediterranean by combining in situ observations and processes studies. A cruise 
took place in spring 2017 and, thanks to a dedicated strategy, the scientific team was 
able to study in situ the effects of dust deposition (Guieu et al., 2020). In the frame 
of the PEACETIME project (http://peacetime- project.org/, last access 16 Jan. 
2022), an oceanographic campaign took place in spring 2017 (Guieu et al., 2020; 
https://campagnes.flotteoceanographique.fr/campagnes/17000300/, last access 16 
Jan. 2022). More than twenty publications from PEACETIME are available in the 
joint special issue of the journals Biogeosciences and Atmospheric Chemistry and 
Physics (atmospheric deposition in the low-nutrient, low-chlorophyll (LNLC) 
ocean: effects on marine life today and in the future, https://www.biogeosciences.
net/special_issue1040.html, last access 16 Jan. 2022). In summary, thanks to a dedi-
cated strategy, the scientific team was able to study in situ the effects of two dust wet 
deposition events and dry deposition along a 4300 km transect. Impacts on the metal 
concentrations in the surface microlayer (Tovar-Sánchez et  al., 2020) and water 
column (Bressac et  al., 2021) and on the nitrogen budget (van Wambeke et  al., 
2021) were quantified. Interestingly for phosphorus, Pulido-Villena et  al. (2021) 
have shown that external inputs of dissolved inorganic phosphorus (DIP) from both 
atmospheric deposition and deeper marine layer, into the DIP-depleted surface layer 
contributed little to the biological DIP requirement that was rather sustained by in 
situ hydrolysis of dissolved organic phosphorus. In situ chemical and biological 
stocks and fluxes over several days before-during and after a Saharan rain revealed 
complex competition between heterotrophic bacteria and phytoplankton for the 
‘new’ deposited nutrient resources (van Wambeke et  al., 2021) and community 
changes up to the zooplankton level (Feliú et al., 2020) were observed. Experimental 
process studies in climate reactors during the PEACETIME cruise have investigated 
the impact of simulated dust deposition under present and future projected condi-
tions of seawater temperature and pH at three stations located in different basins of 
the western Mediterranean Sea (Gazeau et al., 2021a). The impact of dust addition 
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on biological communities appeared different between stations. For example, no 
stimulation of the autotrophic community (biomass and primary production) was 
observed in the Tyrrhenian Sea under present climate conditions, whereas hetero-
trophic bacterial production was enhanced. This could be due to an increased graz-
ing pressure of phytoplankton by  zooplankton grazers and/or competition for 
nutrients uptake with heterotrophic prokaryotes. A strong dust deposition that 
occurred 10 days before this experiment (Bressac et al., 2021) could have stimu-
lated the growth of phytoplankton and subsequently increased the abundance and 
activity of the heterotrophic compartment (bacteria, micro- and meso-zooplankton). 
Differences in the biological response between the three experiments appear to be a 
consequence of the initial metabolic states of the community (autotrophy vs. heter-
otrophy). At the three sites, nutrients released from dust addition did not strongly 
alter but rather exacerbated this initial state (Gazeau et al., 2021b). While acidifica-
tion and warming had no detectable impact on nutrient inputs released from dust, 
they induced an increase in most stocks and metabolic activities (Gazeau et  al., 
2021a; Ridame et al., 2022) with a stronger impact on heterotrophic remineraliza-
tion relative to photosynthesis. This suggests that, in the future, phytoplanktonic 
communities in Mediterranean surface waters may have a reduced capacity to 
sequester atmospheric CO2 after atmospheric dust deposition (Gazeau et al., 2021a).

Future works dealing with the impact of atmospheric deposition in the 
Mediterranean Sea will improve present knowledge only with strong collaboration 
between experimental scientists and modellers from the atmosphere and marine bio-
geochemistry. Indeed, an important perspective is to improve the representation of 
key processes involved in models. The characterization and quantification of the 
processes that have to be considered (such as bacterial production and the lithogenic 
carbon pump) should be provided by “realistic view” experiments taking into account 
the fate of the particles in order to allow their accurate parameterization. Experiments 
should cover a large spectrum of realistic atmospheric forcing (duration, type (i.e., 
wet and dry), origin, and composition), marine biogeochemical conditions (variety 
of organic matter, different states of nutrient limitation), and physical oceanic condi-
tions (temperature, pH). The objective is to improve not only the quantification of 
current effects but also their evolution in the future. Indeed, the question of future 
atmospheric deposition of nutrients of both anthropogenic and natural origins and 
especially of Saharan origin, remains a great unknown. Here again, modelling is a 
necessary tool and different future scenarios should be simulated.
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Abstract This chapter summarizes the current state of knowledge on the impacts 
of air pollution on terrestrial vegetation in general and in the Mediterranean region. 
These impacts occur either indirectly through changes in the physical state of the 
atmosphere, such as increase in the temperature (caused by greenhouse gases), and 
in the diffuse radiation (caused by aerosols) that reaches vegetation, or directly 
through phytotoxicity resulting from ozone, sulfur, nitrogen, and other pollutants’ 
stomatal and non-stomatal uptake by the plants, nutrient balance modification by 
atmospheric deposition, transfer of plant diseases by aerosols, and pollution by 
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 persistent pollutants and metals. Abiotic and biotic stresses can also alter the com-
position, amounts, and functioning of volatile organic compounds that are emitted 
by the plants and play known ecological roles. These impacts are summarized, and 
plant physiological responses to an excess of critical nutrient levels are presented 
and discussed.

1  Introduction

The Mediterranean Basin is among the world’s regions hosting the highest biodiver-
sity of both marine and terrestrial ecosystems. The Mediterranean’s flora is highly 
diverse with 15,000–25,000 species, among which 60% are native and endemic 
species unique to the region (Vlachogianni et al., 2012). Globally, terrestrial vegeta-
tion is responsible for more than half of the atmospheric oxygen production. 
Regionally, vegetation interacts with the atmospheric water cycle through photo-
synthesis, respiration, and transpiration. In urban regions, vegetation has the capac-
ity to partially counterbalance the heat island effect and improve microclimate 
through the reduction of both noise and intensity of atmospheric ionization. 
Furthermore, vegetation is an efficient recycling energy source, and plant products 
provide raw material for various constructions, clothing, as well as nutrients for 
humans and fauna.

Due to the mild weather conditions and the fertility of most soils, agriculture has 
always been an integral part of human activities and an important contributor to the 
economy of the Mediterranean countries. However, vegetation in the region is at 
risk due to land use changes and the occurrence of environmental stresses and air 
pollution combined with climate change. Mediterranean vegetation is known to be 
highly resilient to disturbances, which is tentatively attributed to its historical evolu-
tion under various stresses and to its increased biodiversity, although the mecha-
nisms associated with the resilience of ecosystems remain to be understood (Lavorel, 
1999). Severe man-driven land use changes, like urban extension, agricultural aban-
donment, and afforestation, have led to flora redistribution within the Mediterranean 
region and to the increase of invasive alien plant species (Mosher et al., 2009; Vilà 
et al., 2003). In addition, human interference to nature has resulted to several side 
effects such as extreme climatic events, including prolonged droughts and increased 
occurrence of wildfires, along with elevated ozone (O3) and particulate matter levels 
(Avila et al., 1997; Kanakidou et al., 2011).

Air pollutants affect the physiology of the plants in several ways and through 
different pathways: (a) by absorption through the leaf stomata or epidermis (Heath, 
2008; Hill, 1971), (b) through the root system after air pollutant deposition onto the 
soils (Cataldo & Wildung, 1978; Gandois & Probst, 2012), (c) by adsorption of 
aerosols onto the leaves thus reducing the penetrating light and blocking the open-
ing of stomata (Gheorghe & Ion, 2011), and (d) by changing the Photosynthetically 
Active Radiation (PAR) that reaches the plant (Rap et al., 2015). Air pollutants can 
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also cause acute damage to the vegetation whenever absorption of high pollutant 
concentrations is performed in a relatively short time interval, while chronic injuries 
occur due to long-term absorption of pollutants at sublethal concentrations 
(Gheorghe & Ion, 2011). In addition, plants (both above- and below-ground plant 
components) emit a variety of volatile organic compounds (VOC) (Agathokleous 
et al., 2020; Guenther et al., 2012; Yuan et al., 2009) that have several ecological 
functions in the plant cycle, serving, for instance, for pollinator attraction, plant 
defense against insects, plant-plant communication, thermotolerance, and removing 
reactive oxygen species like ozone (Yuan et al., 2009). Biotic and abiotic stresses to 
the plants can lead to changes in the emitted VOC composition (e.g., VOCs emitted 
as a plant response to pathogen or herbivore attacks; Hopke et al., 1994), and thus 
in their contribution to the abovementioned functions (Yuan et al., 2009). Mills et al. 
(2018) estimated a global loss in wheat yields due to exposure to O3 of 6–9% on 
average in the south and north hemisphere, respectively, that results in actual total 
grain losses of approximately 85 Tg per year.

In the 80s, acid rain emerged as a major problem for European forests (Grennfelt 
et al., 2020). The acid rain facilitated solubilization and leaching of mineral ele-
ments, like calcium (Ca), potassium (K), and magnesium (Mg), from the soil and 
led to the removal of vital minerals and nutrients for plant growth resulting in pro-
found yellowing of the leaves due to deficiencies (Landmann & Bonneau, 1995). 
The applied legislation for air pollution abatement resulted in the reduction of pol-
lutants’ emissions (Lamarque et  al., 2013) that subsequently led to substantial 
decrease of sulfate concentrations in atmospheric aerosols over the past 30 years 
(Aas et  al., 2019) and reduced atmospheric deposition to distant forests (Pierret 
et al., 2019). However, deposition fluxes of reactive nitrogen remain high and affect 
ecosystem’s health (Aguillaume et al., 2016; Im et al., 2013; Kanakidou et al., 2020; 
Markaki et al., 2010; Ochoa-Hueso et al., 2011). Nevertheless, eutrophication and 
acidification issues persist, and they are of high concern since they affect biodiver-
sity leading to a loss of species richness (Duprè et al., 2010). Analyzing 70 years of 
species richness in acidic grasslands of Northern Europe, Duprè et al. (2010) found 
that changes in vegetation species spatial distribution were mainly related to soil 
acidity, which affects solubilization of metal oxides and releases toxic metal ions, 
and to the cumulative amounts of nitrogen (N) and sulfur (S) deposition. It is worth 
noting that N atmospheric deposition has been proposed to be the main driver for 
variation in plant species richness (Stevens et al., 2004), phytocommunity composi-
tion (Bobbink et al., 2010), and relative plant species abundance (Gilliam, 2006). 
The interaction between N deposition and air temperature increase under climate 
change has been predicted to impact soil functioning and to cause vegetation spe-
cies and spatial changes for the next decades (Gaudio et  al., 2015; Rizzetto 
et al., 2016).

Furthermore, aerosol pollution also affects vegetation by scattering light and 
thus increasing the fraction of diffuse radiation and the efficiency of photosynthesis 
(Rap et al., 2015) and by providing nutrients and/or toxic substances to the ecosys-
tem through dry or wet deposition (Kanakidou et  al., 2018; Ochoa-Hueso et  al., 
2011). Adsorption of aerosols on the leaf surface causes negative effects to the 
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plants since aerosols cover the leaves surface, reduce the penetrating light, and 
block the opening of stomata (Gheorghe & Ion, 2011). The vicinity of the 
Mediterranean Basin with the African desert results in frequent dust outbreaks that 
increase aerosol levels and nutrient deposition over the Mediterranean (Kanakidou 
et al., 2020; Guieu and Ridame, 2022). In addition, dust outbreaks can also carry 
pathogens to Mediterranean (Polymenakou et al., 2008) and other ecosystems caus-
ing them to degrade as has been suggested for Caribbean ecosystems (Garrison 
et al., 2003, 2006).

Finally, intensification of agriculture activities so as to cover human needs for 
nutrition has led to soil contamination through the excessive use of fertilizers and 
pesticides. Spraying of several pesticides in the atmosphere against insects, plant 
pathogens, or other pests in order to improve product quality and to increase the 
yields of various crops has contributed to air pollution of agricultural regions. 
Pesticides include a wide range of compounds: insecticides, herbicides, fungicides, 
plant growth regulators, and others (Aktar et al., 2009). They are sprayed on the 
crops, and thus they partially remain in the atmosphere, transported by the wind, 
and deposited to the nearby soils, thus expanding contamination and providing an 
additional pathway for pesticides to penetrate into the plants through the soil. Toxic 
metals form another category of important air pollutant present in the atmosphere in 
low concentrations, which once are deposited can accumulate in the soils (Hernandez 
et  al., 2003), sediments (N’Guessan et  al., 2009), and organisms (EMEP, 2018; 
Kabata-Pendias, 2010). Persistent organic compounds and toxic metals tend to 
accumulate in plants, resulting in an increase of their concentration within the tis-
sues of organisms at successively higher levels, entering the food chain (Liu et al., 
2005). Metal enrichments of soils in agricultural and urban areas of Greece 
(Kelepertzis, 2014) and Spain (Acosta et al., 2011) have been attributed to accumu-
lation processes resulting from prolonged applications of large amounts of fertiliz-
ers and pesticides–fungicides (copper (Cu), zinc (Zn), cadmium (Cd), lead (Pb), and 
arsenic (As)), as well as from industrial activities, and metal deposition due to the 
high volume of vehicular traffic (Pb and Cd). Pollution of vegetation both by metals 
and pesticides can be harmful to human health since these pollutants can penetrate 
in the food chain (Nasreddine & Parent-Massin, 2002). Finally, more or less biode-
gradable detergents that are discharged into the sea can then be transported to the 
atmosphere through the production of sea spray leading to air pollution. The deposi-
tion of sea spray loaded with detergent on the leaves of the plants promotes the 
penetration of salt into the plants causing their death. Impacts of the aforementioned 
pollution can be observed on certain coastal forests around the Mediterranean Sea 
(Garrec, 2019).

In this chapter, we first outline general information regarding the mechanisms of 
air pollutants pathways into the plants and the phytotoxicity effects caused by the 
most common atmospheric pollutants. Subsequently, we discuss the impact of the 
major pollutants, namely, ozone, sulfur, nitrogen, and metals on the vegetation, 
spanning from forests to crops in the Mediterranean region.

M. Kanakidou et al.



515

2  Pollutant Uptake by the Plants

Penetration of air pollutants into the plant occurs either from the aerial or from the 
underground organs of the plants. From the aerial organs, air pollutant absorption 
into plants occurs mainly through the leaves, although a slight absorption through 
stems and trunk might also be possible (Garrec, 2019; Kabata-Pendias, 2010). Air 
pollutants can also be absorbed by the roots of the plants after being deposited onto 
the soil in their deposited chemical form or after being chemically transformed. 
Before reaching the cuticle of the leaf, the pollutant passes through a thin zone of 
calm air that surrounds each leaf, the atmospheric interfacial leaf/atmosphere sub- 
layer. The resistance to air pollution absorption through the interfacial atmospheric 
layer varies according to numerous parameters, such as leaf size, shape, and orienta-
tion, presence and shape of trichomes, and wind speed (Garrec, 2019; Gupta, 2016; 
Heath et al., 2009).

The interfacial leaf/atmosphere layer contains three phases: (a) the gas phase, 
where the air pollutants reaching the plant are present together with the emissions 
of the leaf; (b) the aqueous phase, which contains the water film located at the sur-
face of the leaf and water that is bound to the cuticle through its polar groups; and 
(c) the lipid phase, which contains the waxes that are located on the surface of or 
inside the cuticle. The pollutant may react in one of these phases and could produce 
additional secondary phytotoxic products to the initial pollutant itself (Percy et al., 
1994). Organic matter exudation by the leaves can lead to a complete dissolution of 
dry deposition of metals at the leaf surface and make them easier to be absorbed by 
the leaves (Hou et al., 2005).

The air pollutants can be transported into the plant following various pathways 
(Fig. 1): penetration mainly by stomata (gases), which are present in the leaf surface 
(Gupta, 2016), surface deposits (aerosols), and trapping in epicuticular waxes (lipo-
philic and high molecular weight gases). Following dry and wet atmospheric depo-
sition, metals can be found in wax and inside the coniferous needles depending on 
the metal and its particulate or dissolved form (Gandois & Probst, 2012). The main 
plant absorption route for organic pollutants is via the lipid structure of the cuticle. 
However, from the pollutant concentration found in the interfacial leaf/atmosphere 
layer, only a small portion will finally enter into the plant. There, they will react 
within the different plant compartments, both in the outer and the inner sides of the 
plasma membrane (apoplast and symplast) (Faulkner, 2018; Garrec, 2019; Kundu 
et al., 2018; Oparka, 2005). Meteorological conditions such as amount of sun irradi-
ance, wind, and rain, as well as leaf microstructure and vegetation macrostructure, 
influence the characteristics of aerosol deposition on the surface of the leaves 
(Leonard et al., 2016). Moreover, O3 absorption by stomata depends on water avail-
ability during the growing season, plant morphological characteristics such as the 
existence and the shape of the leaf trichomes, and also on the sensitivity of the 
plants, which may vary strongly according to both the species and the varieties 
(Lombard et  al., 2015; Saitanis et  al., 2014; Saitanis & Karandinos, 2002). The 
physiological response of plants to air pollutants after their absorption will depend 
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Fig. 1 Gaseous and particulate atmospheric pollutants are transported in the plants through sto-
matal and non-stomatal uptake by the leaves as well as via deposition onto the soil and subsequent 
uptake by the roots

on both the characteristics of the plant and the nature of the air pollutant (Wolfenden 
& Mansfield, 1990).

3  Pollutant Reactions Inside the Plant

Once the pollutant enters the plant, it causes an oxidative stress producing reactive 
oxygen species (ROS), including free hydroxyl radicals, which can cause damage to 
the plants at different levels. ROS induce oxidative damage to lipids, proteins, and 
DNA (Sharma et  al., 2012). The pollutant will cause specific stress to the plant 
depending on its physicochemical characteristics (Table 1).

Ozone enters the plants through stomatal and non-stomatal uptake from the leaf 
cuticle via thermal decomposition or aqueous reactions in water films on plant sur-
faces (Fowler et al., 2009; Heath, 2008). Inside the plant, O3 contributes to ROS 
production, but since it is very short-lived, it is quickly converted to more stable 
ROS, such as hydrogen peroxide, superoxide, and hydroxyl radical (Health 2008). 
If O3 concentration exceeds the detoxification capacity of the apoplastic antioxi-
dants, it will negatively affect plant’s physiological processes, such as photosynthe-
sis and/or respiration (Emberson et al., 2018; Musselman et al., 2006).

Nitrogen dioxide (NO2) dissolved in cells produces nitrite ions (NO2
−), which are 

toxic at high concentrations and nitrate ions (NO3
−) that enter nitrogen metabolism. 

Nitrogen dioxide pollution is detectable on leaves and seedlings and is more 
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Table 1 Main categories of atmospheric short-lived pollutants, the pathways through which they 
enter into the plants, and their main effects on the plants

Pollutant Transport pathway Effects on plant

Ozone (O3) Stomata, 
non-stomatal 
pathway, 
deposition on 
leaves

Increase in reactive oxygen species
Changes in plant’s physiological processes
Reduction of photosynthesis
Reduction of crop yields
Emissions of VOC, plant reproduction, plant-to- 
plant and plant-soil-microbe interactions
Changes in C and N cycling
Changes in Diversity of plant communities

Reactive nitrogen (N) 
(mainly NOx, NH3, 
HNO3, ammonium, 
and nitrate)

Stomata, 
deposition on 
leaves

Low levels→ amino acids/protein synthesis
High levels → reduced photosynthetic activity
Changes in plant and soil stoichiometry (N/P)
N-induced P limitation
Soil and water eutrophication leading to plant 
toxicities or deficiencies and biodiversity losses

Sulfur (S) (mainly 
SO2, H2SO4, sulfate)

Stomata, 
deposition on 
leaves

Low levels → protein synthesis
High levels → stomata opening reduction, water 
stress, O2 replacement in cellular material
Chlorophyll degradation
Acidification after deposition to plants and soils
Soil acidification/nutrient losses

Acid deposition 
(mainly N, S)

Deposition on 
leaves and soil

Acidification of soil: nutrient losses through 
leaching of plant growth minerals and nutrients, 
resulting in yellowing of leaves, increase 
vulnerability of plants, dying trees, and 
solubilization of toxic metals; loss of plant diversity

Aerosols (also 
containing S, N, and 
metals)

Deposition on 
leaves and soil

Diffuse radiation, closing of stomata
Acidification of soils, leaching of minerals, mineral 
and nutrient deficiency
Accumulation of pollutants into plants
Carriers of plant diseases

Trace metals Deposition on 
leaves and soil, 
with uptake by the 
roots

Accumulation into plants and leave edges
Disturbance of plant’s physiological processes 
depending on the metal
Contamination of food chain

Pesticides Deposition on 
leaves and soil, 
with uptake by 
roots

Accumulation into plants
Contamination of food chains

Halogens (Cl2, HCl, 
HF)

Stomata, 
deposition on 
leaves

Interfere with enzymes activity
Damage cell membranes of plants
Disruption of the cellular metabolism of calcium
Necrosis, plant death

profound in conifer older needles where tipburn is observed. It forms crystalloid 
structures in the stroma of chloroplasts and bloats the thylakoid membrane within 
the plant cells, resulting in the reduction of photosynthetic activity (Gheorghe & 
Ion, 2011).
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Sulfur enters the leaves as sulfur dioxide (SO2) through the stomata. Sulfur, at 
low concentrations, is used by the plant in protein synthesis, but at high concentra-
tions, it interferes with electron transport chain, leading to stomatal opening reduc-
tion, water stress, and oxygen replacement in cellular material (Mudd, 1975). It also 
affects structural proteins in the cell membrane leading to alterations in the perme-
ability of the membranes (Nieboer et al., 1976). In high concentrations, SO2 will 
lead to chlorophyll’s degradation (Brahmachari & Kundu, 2017).

Halogens (Cl2, HCl, HF) enter the plants through the stomata and move to the 
margins and edges of the leaves, where they tend to accumulate. Inside the plants, 
fluorides interfere with the activity of many enzymes, by inhibiting the functioning 
of proteins through combination with the metal components of the proteins or oth-
erwise (Gheorghe & Ion, 2011). It is worth mentioning that hydrofluoric acid (HF) 
pollution is also inducing a disruption of the cellular metabolism of calcium 
(Garrec, 2019).

The phytotoxicity of the various pollutants depends on their chemical identity 
(Table 1). The main air pollutants have been classified by laboratory experiments 
according to their decreasing phytotoxicity impact as follows:

Hydrofluoric acid (HF) > ozone (O3) >  sulfur dioxide (SO2) > nitrogen diox-
ide (NO2).

However, this trend is only indicative, since different plants have different sensi-
tivity to the various pollutants (Smith et al., 1989; Yu et al., 2011). In addition to the 
phytotoxic potential of the pollutant, the plant’s response depends on the cumulative 
amount of the pollutant that entered the plant. Furthermore, the time period over 
which a certain amount of pollutant is transported into the plant is also important for 
its phytotoxic response. For the same amount of pollutant, a shorter transportation 
time will result in a greater pollutant impact. The so-called peak effect is usually 
explained by the fact that over short periods of time, the plant does not have ade-
quate time to acclimatize, adapt, and initiate its defense systems response.

The large number of pollutants (e.g., HF, O3, SO2, NO2, aerosols, metals) that 
affect plants can also be classified according to the extent of their impact zone, 
which depends on their lifetime in the atmosphere and thus on the distance in which 
they can affect vegetation after emission or formation and transport in the atmo-
sphere (Garrec, 2019). Short-lived pollutants, like nitrogen oxides and ammonia, 
with lifetimes of a few hours to a day exhibit impacts on the plants within a radius 
of a few tens of kilometers from their emission sources. Nitrogen oxides (NOx) are 
mainly originating from transport and other combustion sources, while ammonia 
(NH3) is mainly from agriculture and transport. In contrast, pollutants with atmo-
spheric lifetimes ranging from few days to weeks can have impacts over several 
hundred kilometers around their emission sources. These include mainly acidic 
compounds, such as sulfuric acid (H2SO4) and nitric acid (HNO3), deposited by dry 
or wet removal processes. Since these acids are formed via the oxidation of primary 
pollutants (SO2 and NO2) by oxidants like ozone, hydroxyl radicals, and nitrate radi-
cals, they are considered as secondary pollutants (Graedel & Crutzen, 1993). 
Pollutants with lifetime of several years have global impacts and mainly include 
carbon dioxide (CO ), which is linked to the massive use of fossil fuels by transport 
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and industry. Carbon dioxide has direct beneficial effects on plant growth via its 
essential role in photosynthesis, while at the same time, it has indirect harmful 
effects on plants through enhancing the greenhouse effect that results in climate 
change (Farquhar, 1997). Other global pollutants, which have an indirect effect on 
vegetation via their contribution to the greenhouse effect, include: methane (CH4), 
a component of natural gas, which is also produced by ruminants and in anaerobic 
environments such as wetlands and rice fields and which has phytotoxic effects on 
plants whenever its concentration is increased such as in the case of landfills (Peer 
et al., 1993); nitrous oxide (N2O), resulting from the massive use of fertilizers in 
agriculture; halocarbons, having several applications such as solvents, refrigerants 
and in insulation materials; or even soil disinfectants such as methyl bromide which 
was in use until the beginning of the century. Halocarbons are also ozone-depleting 
gases with the possibility of an additional negative impact on plants as a result of the 
increased UV-B solar flux that reaches Earth’s surface due to their contribution to 
the enlargement of the ozone hole.

4  Plant’s Response to Pollution Exposure

Plants respond to air pollution by developing different defensive mechanisms 
through anatomical, morphological, and physiological changes (Darrall, 1989; 
Dineva, 2004; Gravano et al., 2003), aiming to limit the uptake of the pollutant and 
thus increase plant’s tolerance to the pollutant. Such mechanisms can be physiologi-
cal (i.e., falling leaves, closing stomata) or chemical and biochemical (i.e., produc-
tion of insoluble precipitates, emission of reduced forms of pollutant (e.g., H2S, 
NH3), enzymatic degradations or on-enzymatic antioxidant compounds) (Heck 
et  al., 1988). When the plant confronts pollution stress, these additional defense 
mechanisms are activated and added to the existing ones, in an effort to strengthen 
the plant’s tolerance to imposed pollution stress.

Damages caused by air pollution can be irreversible, such as cell death and leaf 
necrosis of the plant, which correspond to the so-called visible injury. In contrast, 
the injuries could be “invisible” whenever the defense system of the plants manages 
to limit the damage or the pollution impact is low. In those cases, either a physiolog-
ical plant change is observed, such as decreases in size and yield (Guderian, 1985; 
Garrec, 2019), or changes in phenology (Honour et al., 2009).

Wang et al. (2003) suggested that the impact of abiotic stresses related to climate 
and air pollution, such as heat, drought, cold, salinity, and nutrient deficiencies or 
toxicity, can cause a reduction on worldwide agriculture average yields by >50% for 
most major crop plants. Imposition of stress conditions may also alter the emissions 
of biogenic volatile compounds from the vegetation (Guenther et al., 2012; Rinnan 
et al., 2014). Each emitted compound has a specific role in the plant tolerance and 
defense (Yuan et  al., 2009). For instance, isoprene emissions from plants were 
found to attribute an antioxidant role in the presence of high O3 levels (Loreto et al., 
2001) and to contribute to the thermotolerance of the plants (Hanson et al., 1999; 

Impact of Air Pollution on Terrestrial Ecosystems



520

Velikova & Loreto, 2005). Furthermore, plant exposure to high O3 levels affects the 
above- and below-ground analogy of plant biomass, generally inhibiting the alloca-
tion to roots and decreasing C cycling and N fixation (Agathokleous et al., 2020). 
Tiiva et al. (2007) also found that exposure of subarctic fens to high UV-B radiation 
resulting from stratospheric O3 depletion was leading to isoprene emissions increase.

5  Symptomatology of Plants Affected by Air Pollution

Upon air pollution imposition, a variety of symptoms are induced and expressed by 
plants. Therefore, the symptomatology, which is the analysis of such symptoms, 
could serve as the basis of air quality biomonitoring methods by utilizing plants’ 
responses to pollutants.

5.1  Symptoms

Depending on the plant species and the type of pollutant, the injury symptoms are 
different. Generally, air or soil pollution by pesticides have similar symptoms on 
vegetation, which are mainly expressed on foliage in the form of chlorosis, necrosis, 
burns, and twisting of leaves (Sharma et al., 2018). Reactive nitrogen species, in the 
form of nitrate (NO3

−) and ammonium (NH4
+), act as fertilizers promoting plant’s 

growth. However, they can also have a negative impact on vegetation (and fauna) 
when they accumulate inducing ecosystems eutrophication, acidification, and min-
eral deficiencies. The latter affects biodiversity and leads to a decrease in resilience 
resistance to various stresses (European Commission, 2013; European Environment 
Agency, 2019; Garrec, 2019). In most cases, injury by NO2 is shown as burn at the 
edge of the conifer needle and chlorosis in the leaves of angiosperms. Leaves first 
exhibit water-soaked areas that at later stages become necrotic (Gheorghe & Ion, 
2011). Injury by halogens is commonly visible on conifers by chlorosis, which later 
on is changing to red/brown discoloration and burns of the edges of the needles, 
eventually evolving to necrosis of the entire needle. Similar symptoms are common 
in the leaves of angiosperms (Gheorghe & Ion, 2011). In most cases, plants’ injury 
by SO2 is initially seen by the appearance of water-soaked leaves, which later 
become necrotic, changing into brown spots (Gheorghe & Ion, 2011). Yellowing of 
conifer needles and decrease in tree vitality are the impacts of acid deposition on 
plants (Altshuller & Linthurst, 1984). This is mainly an indirect effect of acid atmo-
spheric deposition on soil acidification, which leads to soil base cation depletion 
and, consequently, to needle magnesium deficiency evidenced by needle yellowing 
(Landmann & Bonneau, 1995). Acidity is mainly induced by HNO3 and H2SO4 
acids and releases soluble forms of metals into the environment, which may be in 
toxic forms. For instance, Cu toxicity is increased in acidic environments and affects 
primarily the plant roots leading to growth reduction and chlorosis of mature leaves 
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(Alva et al., 1995). Finally, Pb and Cd affect the biodiversity of soil fauna species 
and microorganisms and reduce plant growth (European Environment Agency, 2019).

Injury due to exposure to elevated concentrations of O3 is commonly expressed 
by necrotic spots on the leaves of the plants that have irregular shape and are often 
tan, brown, or black colored. Some of the leaves change their color to bronze or red, 
which is usually a precursor sign to necrosis. Ozone is the most worrying pollutant 
currently affecting vegetation and ecosystems, since it is well established that it 
causes leaf necrosis and results in yield losses reaching 5–19% (Feng & Kobayashi, 
2009). Ozone also has indirect effects on vegetation since it is a greenhouse gas 
linked to climate change (see the chapter by Mallet et  al., 2022). Holland et  al. 
(2006) estimated that ozone is responsible for 90% of the plants yield losses related 
to air pollution. However, the negative effects of ozone are very often masked by the 
positive effects on photosynthesis due to CO2 increase in the atmosphere.

5.2  Biotic and Abiotic Indicators and Biomonitoring 
of Air Quality

Due to this significant role of O3, a number of indicators have been developed in 
order to describe the sensitivity of plants to O3 in different natural or anthropogenic 
environments (forests, grasslands, field crops, etc.), depending on the climatic zones 
(Western and Central Europe, Mediterranean coast of Europe, and other). The most 
used indicator for plant’s exposure to O3 is AOT40, which is a measure of the accu-
mulated daylight ozone concentrations in excess above a threshold of 80 μg m−3 (40 
ppbv), using only the daily O3 levels per hour between 8:00 and 20:00 (CET) in the 
months of the growth season. This is also used for legislation purposes in European 
Union (EU Directive 2008/50/EC). Other O3 metrics include the daylight average 
ozone concentrations during the growing season (M7 for 7 hours daylight period or 
M12 for 12 hours daylight period) or cumulative exposure indexes over the growing 
season with weights on hourly average O3 concentrations that favor the higher 
hourly average concentrations, while retaining the mid and lower concentrations 
(Emberson et al., 2018).

Plants can also be used as indicators of metals air pollution. Riga-Karandinos 
and Saitanis (2004) suggested that trace metal concentration measurements in the 
leaves of Laurel (Laurus nobilis L.) could be used as indicators of urban traffic in 
Athens. Riga-Karandinos et al. (2006) have further found high concentrations of 
platinum (Pt) and Pb, known to be used in catalytic converters, together with other 
traffic metals (Pb, Cu, and Zn) at roadside topsoil in the greater Athens area where 
pollutants can penetrate the plants through their roots. Furthermore, Rodríguez 
Martin et al. (2018) suggested that metal content in tree rings could be used as a 
pollution registry.

Biomonitoring is using both the visible (by observing necroses) or invisible (by 
biochemical analyses) disturbances of the plants caused by air pollution to deduce 
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air pollutant levels (de Temmerman et al., 2004; Garrec & Van Haluwyn, 2002). The 
use of bioindicators might be complicated by the nonlinear response of ecosystems 
to air pollution and climate change. In addition, it requires an unambiguous rela-
tionship between the cause and the bioindicator symptom.

Cryptogams (lichens and bryophytes) , which are important components of the 
Mediterranean vegetation, are often used as indicators of air pollution and climate 
change relative to a set of contaminants (Agnan et al., 2015; Gandois et al., 2014; 
Loppi et al., 1997). Due to their high sensitivity to environmental changes, they are 
often employed as early-warning indicators of such impacts in particular for N 
(Ochoa-Hueso et  al., 2017). In addition, the potential utility of the N content in 
mosses as an indicator of total N deposition has been demonstrated by Munzi et al. 
(2012), and they have also been used as critical load indicators for nitrogen (Geiser 
et al., 2010). However, cryptogams in the Mediterranean are not effective biomark-
ers for changes in water availability induced by climate change because they are 
affected by several stress factors in similar ways (Pirintsos et al., 2011). Lichens 
have been efficiently used to identify local sources of atmospheric contamination in 
urban or highly contaminated industrial sites of the Mediterranean countries (Llop 
et al., 2017; Paoli et al., 2006; Ratier et al., 2018). More rarely used in distant areas, 
lichen and mosses were successfully used as metal biomonitors in various environ-
mental situations in France and over the last century. This allowed identification of 
present-day and past sources of contaminants and dust, and their variation in time 
and space (Agnan et  al., 2014, 2015), revealing a regional atmospheric signal, 
including both soils derived and industrially influenced atmospheric deposition. 
Moreover, in three different mountainous forest sites in France, lichens and mosses 
contents in trace metals, of which Rare Earth Elements, were compared to various 
compartments of the forest ecosystem (bulk deposition and throughfall, soil, and 
bedrock) (Gandois et al., 2014). The different accumulation of trace metals as moni-
tored by lichens and mosses indicated a different influence of forest ecosystems. 
Mosses were representative of local throughfall content, since they were enriched in 
elements from the accumulation of dry deposition inside the canopy, either due to 
leaching (Mn), direct uptake (Ni), or dry deposition dissolution (Pb, Cu, Cs) con-
trary to lichens growing on tree barks where transfer was observed only for major 
elements. Agnan et al. (2017) has improved the bioindication scale using lichens 
collected in eight distinct French and Swiss forest areas. This also enabled the eval-
uation of the metal resistance or sensitivity of lichens. Furthermore, the index of 
atmospheric purity and the lichen diversity value were calculated based on the esti-
mation of various ecological variables (including lichen diversity and abundance) 
and average ecological features for each site and variable (light, temperature, 
humidity, substrate pH, and eutrophication) that corresponded to lichen communi-
ties. Furthermore, tobacco plant varieties have been used as O3 bioindicators in 
Greece (Saitanis, 2008; Saitanis et al., 2003) and have shown high injuries in all 
studied regions indicating high phytotoxicity by O3 levels.
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5.3  Eutrophication, Acidification, Critical Loads

Eutrophication refers to ecosystem conditions with an excess in nutrients (often 
referring to N compounds) resulting from increased input rates. Nitrate and ammo-
nium inputs through atmospheric deposition are of particular interest in the present 
section. In concern to air pollution, eutrophication is related to the ability of an 
ecosystem to optimally use the reactive nitrogen atmospheric deposition fluxes for 
its growth. Eutrophication happens when the ecosystem is saturated in N, and thus 
additional N input is not leading to further growth optimization but instead is lead-
ing to N and biodiversity losses (Bobbink et  al., 2010; Schmitz et  al., 2019). 
Acidification is related to eutrophication and refers to the lowering of the soil pH 
due to deposition of acidic compounds, such as HNO3 and H2SO4 that are produced 
from the oxidation of NOx and SOx emissions. Under the Convention of Long- 
Range Transboundary Air Pollution (LRTAP) within the United Nations, the critical 
loads of S and N have been used as indicators for ecosystem sensitivity to acidifica-
tion and eutrophication (Reinds et al., 2008). Thus, critical N load levels are the 
threshold values above which damage occurs to the ecosystem (Hettelingh et al., 
2001). These thresholds were initially determined using mass balance steady-state 
models or from empirical models. The latter are experimentally derived models 
studying different types of vegetation and are specific to habitat classes. Ammonia 
and NOx critical levels are based on the response of vegetation types like lichens and 
bryophytes (Ochoa-Hueso et al., 2017), often based on very little information. Thus, 
for European-Mediterranean habitats, empirical critical N loads have been proposed 
to vary between 3 and 25 Kg N ha−1 yr−1 for four different ecosystems with the high-
est values corresponding to xeric grasslands and the lowest ones to the Pinus wood-
lands (Bobbink & Hettelingh, 2011).

Recently, it was stated that while steady-state models are compatible with the 
critical loads concept (CLRTAP, 2015), they are not suitable for simulating tempo-
ral air pollutant changes, particularly for nitrogen. Therefore, dynamic 
biogeochemical- ecological coupled models have been developed (de Vries et al., 
2010; Rowe et al., 2015; Wallman et al., 2005), based on the impact of atmospheric 
deposition of S and N on soil functioning and in cascade to forest underground 
vegetation, using the loss of biodiversity as an indicator of change (Belyazid et al., 
2011; Probst et al., 2015). However, the adequacy of critical loads as indicators of 
N deposition effects has been recently questioned by Payne et al. (2019), who pro-
posed that the cumulative deposition over a 30-year window should be considered 
as the metric for the ecological damage caused by nitrogen deposition. This sugges-
tion was further supported by the observed slow recovery of ecosystems from N 
deposition effects (Schmitz et  al., 2019). Similarly, although N deposition has 
decreased in several regions over Europe due to declined NOx and NH3 emissions 
(>50% and < 30%, respectively, between 1990 and 2015), the required timescale to 
observe the effect of these changes on the ecosystems is uncertain. Dirnböck et al. 
(2018) investigated 23 European forest research sites, including sites in Italy and the 
Balkans, and they concluded that reduction of NOx and NH3 emissions have to be 
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significantly higher than projected under current legislation scenarios to allow 
recovery from chronically high N deposition. Thus, current reduction in N deposi-
tion is expected to lead only to limited species recovery in European forests.

6  Interactions and Covariates Between Plants, Air 
Pollutants, and Environment

Air pollution and climate have concurrent impacts on vegetation. Temperature 
increases accelerate the dryness of vegetated soils, which retain less water for 
evapotranspiration, and, thus, cannot effectively contribute to the cooling of the 
atmosphere. In a warmer and dryer environment, plants close their stomata in order 
to reduce their water losses, thus minimizing the entrance of O3 within the plant, 
therefore reducing O3 uptake and subsequent reactive oxygen species formation. 
Gao et al. (2017) suggested that accounting for water stress effects on stomatal O3 
flux can better explain biomass losses on poplar (Populus deltoides Marsh) than 
without consideration of such effects. Lin et al. (2020) pointed out the significant 
O3/vegetation/climate interactions since reduced O3 absorption or uptake by vegeta-
tion is increasing surface O3 concentrations, leading to further atmosphere warming 
through escalation of greenhouse effect by O3. They further discussed the impor-
tance of soil moisture effect on O3 reduction by stomatal uptake and its consequent 
increase for the overall O3 dry deposition. These effects are currently not considered 
in O3 deposition modeling although they could help to improve our understanding 
of the observed O3 concentration trends. Lin et al. (2020) have used measurements 
of O3 fluxes by eddy correlation and derived O3 deposition velocities over an oak 
forest in Italy, and over a spruce-dominated forest in Denmark. These observations 
were performed for two different study periods: 1 year characterized by heat wave 
and drought and a second year with normal precipitation events. They reported sig-
nificant decreases in O3 deposition velocity during the year characterized by heat 
waves and drought periods. More specifically, in the Mediterranean study site, a 
70% reduction in O3 deposition velocity was reported and was attributed to plants’ 
stomatal response to the reduced soil moisture, suggesting that vegetation response 
is expected to worsen peak O3 episodes during mega-droughts periods. However, 
multiple stresses on vegetation do not result in additive effects since, for instance, 
the signalling pathways of biotic and abiotic stresses can act antagonistically as 
reported by Atkinson and Urwin (2012). Therefore, understanding the mechanisms 
of the interactions of the responses to various stress factors at a molecular level is 
fundamental for future development of stress-tolerant crop plants (Atkinson & 
Urwin, 2012).

Ainsworth (2008) meta-analysis of vegetation response to combined increases in 
temperature, CO2, and O3 showed that high temperature damage negated any yield 
benefits resulting from elevated CO2. A large number of studies have been con-
ducted in major food crops (potato, barley, wheat, rice, bean and soybean) to 
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investigate concurrent effects of drought and ozone on vegetation (see Feng and 
Kobayashi (2009) for a comprehensive review). Such studies have exhibited that the 
positive impact of O3 limitation by stomata closing was often outweighed by the 
damages on yield due to drought stress (Fangmeier et al., 1994). High temperatures 
induce faster maturation and hence a shorter grain fill period, reducing the overall 
yield (Erda et al., 2005), and can induce floret sterility in cereals such as rice (Matsui 
et al., 2014), wheat, and maize (Craufurd & Wheeler, 2009; Wheeler et al., 1996). 
However, physiological responses differ among crops (Eyshi Rezaei et al., 2015). 
Yield losses varied from 5.3% for potato to 19% for beans and soya beans when 
exposed to O3 concentrations between 30 and 50 ppbv compared to 26 ppbv or less 
(Feng & Kobayashi, 2009). Avnery et al. (2011) evaluated crop losses reaching up 
to 15% for the year 2000 due to O3 exposure, corresponding to an annual loss of 
79–121 million metric tons of global crop yields or 11–18 billion dollars annually, 
while Mills et al. (2018) estimated that exposure to O3 led to wheat grain losses to 
cost 24.2 billion dollars annually for the period 2010–2012.

In addition to O3, climate is affecting other pivotal air pollutants (such as SO2, N 
reactive species, and aerosols), due to their temperature-dependent photochemical 
production or depletion and their deposition dependence on precipitation and wind 
patterns. In particular, atmospheric N deposition due to the semi-volatile character 
of NH4NO3 is strongly dependent on relative humidity and temperature conditions 
(Fowler et al., 2009; Nenes et al., 2021). Thus, atmospheric deposition of nitrogen 
is affected by climatic changes and will impact vegetation habitats (Dirnböck et al., 
2003). Dynamic biogeochemical-ecological chain models for critical loads have 
thus tested these covariant effects. They were able to detect the joined influence of 
climate and nitrogen deposition on biodiversity loss, following scenarios of current 
legislation or maximum feasible reduction of N emissions or/and temperature 
increase (Gaudio et al., 2015; Rizzetto et al., 2016).

7  Impacts of Air Pollutants on Terrestrial Vegetation 
of the Mediterranean Region

The natural and seminatural ecosystems in the Mediterranean Basin have much 
higher plant biodiversity (hosting 4.3% of the global endemic plants) and biologi-
cally relevant heterogeneity in space and time compared to those in temperate and 
boreal areas of Europe (Myers et  al., 2000; Ochoa-Hueso et  al., 2017). The 
Mediterranean climate, characterized by drought summer periods and mild winter 
temperatures, plays a critical role in the behavior of plants, allowing their growing 
season to be extended over the whole course of the calendar year. Therefore, it has 
been suggested that the entire ecosystem exposure to pollutants should be calculated 
based on an annual basis, while the actual growing season period is more suitable for 
determining single species exposure to pollutants (Schenone, 1993). These particu-
larities support a separate discussion of air pollution impact on Mediterranean veg-
etation. This separation is further supported by the existence of multiple plant 
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adaptation mechanisms to the climatic conditions of the Mediterranean Basin, where 
heat waves and droughts are occurring frequently. Such mechanisms include foliage 
loss during the water stress periods; physiological responses such as closing of the 
stomata to limit water losses; changes in the metabolic pathways such as instead of 
C3 photosynthesis utilizing the Crassulacean acid metabolism (CAM), which is a 
typical ecophysiological adaptation of plants to arid conditions (Grams & Thiel, 
2002); and changes in the depth and distribution pattern of the root systems. All the 
above mechanisms develop plant adaptation and ensure their survival under stressful 
climatic extremes (Schenone, 1993). Furthermore, due to natural evolution and adap-
tation to their environment, the Mediterranean forests have developed cross- tolerance 
to the environmental conditions dominating the region (Paoletti, 2006).

7.1  Vegetation Exposure to Ground Level Ozone

Due to the sunny and warm weather conditions of the Mediterranean region, 
there is a potential for high O3 deposition rates throughout the year (Kanakidou 
et  al., 2011). Consequently, higher O3 stomatal uptake may take place during 
winter than summer months, in spite of the lower winter ozone concentrations 
(Cieslik, 2009; Gerasopoulos et al., 2006). In addition, plants emit different com-
positions of VOC, which are oxidized by ozone reducing the oxidative stress and 
thereby protecting the plants (Yuan et al., 2009). However, these reactions are 
also reducing the distance to which VOC can be transported to enable plant com-
munication and pollinator attraction. Ozone pollution can also alter the timing of 
flowering, the number and biomass of flowers, and weed development. The sus-
ceptibility of plants to O3 levels depends on genotype and varies among plant 
functional groups (Agathokleous et  al., 2020). Therefore, exposure to high O3 
levels affects plant community composition and also threatens terrestrial biodi-
versity at various trophic levels. Agathokleous et al. (2020) using climate sce-
narios for 2100 warned that the Mediterranean Basin, one of the higher endemic 
richness regions globally, is among the most threatened regions by high O3 lev-
els. Gerosa et al. (2005) found that in an Italian oak forest, which represented a 
typical Mediterranean ecosystem, the average O3 stomatal uptake was less than 
half of the total O3 deposition flux and that non-stomatal deposition was increas-
ing with leaf wetness and air humidity during the fall season. The increased non-
stomatal fluxes of O3 observed in Mediterranean forests (Gerosa et  al., 2005, 
2009) and their diurnal and seasonal variations were different in many aspects 
when compared to those observed in the northern European forests (Fowler et al., 
2009). Furthermore, measurements above oak forests in central Italy (Gerosa 
et al., 2005, 2009; Cieslik, 2009) and southeastern France (Michou et al., 2005) 
showed that dry and hot conditions can significantly affect the diurnal variation 
of O3 deposition velocity. The Mediterranean vegetation is more tolerant to high 
O3 levels than the mesophillic broad-leaf trees (Paoletti, 2006) because of its bet-
ter antioxidant defense (Nali et al., 2004), although biomass losses and changes 
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in biomass distribution in the various plant compartments due to exposure to 
high O3 cannot be excluded. However, deciduous broad-leaf trees are less toler-
ant to oxidative stress compared to evergreen broad-leaf trees due to their physi-
ology with higher stomatal conductance and thinner leaves (Calatayud et  al., 
2010). Indeed, Calatayud et al. (2007) investigated the sensitivity to O3 of four 
maple trees (A. campestre, Acer opalus subsp. granatense, A. monspessulanum, 
and A. pseudoplatanus), which are present in humid parts of the Mediterranean. 
They found differences (e.g., in CO2 assimilation, stomatal conductance, transpi-
ration rate, and water use efficiency), which may be partly related to higher sto-
matal conductance. On the other hand, Li et  al. (2016) examining the O3 
sensitivity of 29 deciduous and evergreen species in China detected correlation 
to both low leaf mass per area and low leaf area-based antioxidant levels, but not 
to stomatal conductance. Moreover, Manes et al. (2007) evidenced that O3 uptake 
varies within a Holm oak (Quercus ilex L.) canopy and attributed this fluctuation 
to the influence of microclimatic conditions on plants’ physiological activity 
related to stomatal opening, which in turn is affected by internal and external 
effectors (e.g., plant hormones, water availability, hydraulic conductance). Sanz 
and Millan (2000) suggested a complex interaction between high radiation, 
drought, and O3 response in Mediterranean tree species such as Aleppo pine 
(Pinus halepensis Mill.). Tree species sensitivity to O3 as revealed by functional 
leaf traits has to be considered (Calatayud et  al., 2011). Saitanis et  al. (2003) 
observed stomatal conductance in leaves of tobacco, grape wines, and needles of 
Aleppo pine at various locations in Greece and found them peaking in midday 
hours when O3 was high. They also observed injuries due to O3 air pollution 
which were more severe at the high-altitude location. Fumagalli et  al. (2001) 
performed studies with open-top chambers in 24 agricultural and horticultural 
crops grown in commercial fields in the Mediterranean. They reported that ambi-
ent O3 resulted in 17–39% yield loss in crops such as wheat, bean, watermelon, 
and tomato. Nitrogen fixing legumes were also found to be less tolerant to O3 
exposure compared to grasses, which could eventually reduce their economic 
value (Sanz et al., 2007).

7.2  Vegetation Exposure to Nitrogen Oxides

Dry deposition onto the ecosystems can contribute up to 58–67% of the total N 
deposition in the Mediterranean Basin (Rodà et al., 2002). Due to the difficulty of 
measuring the actual dry deposition, this flux is commonly inferred from observa-
tions of atmospheric concentrations from representative stations (Sanz et al., 2002) 
coupled with deposition modeling (García-Gómez et al., 2018). Nitrogen is depos-
ited in the forms of reduced or oxidized, inorganic, or organic N. The contribution 
of organic N was found to vary between 34% and 56% of total deposition (Im et al., 
2013; Izquieta-Rojano et  al., 2016; Kanakidou et  al., 2020; Mace et  al., 2003; 
Violaki et  al., 2010) and can be a substantial contributor to N critical loads in 
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Mediterranean agricultural areas. Several studies have been performed in the 
Mediterranean to investigate the impact of N deposition on individual plants, 
lichens, and soil properties as reviewed by Ochoa-Hueso et al. (2017). Few studies, 
such as NitroMed (Ochoa-Hueso & Manrique, 2011), investigated the integrated 
responses at the ecosystem level using statistical methods. Their results indicate that 
N availability in soils is increased by N deposition, but concurrently, soil becomes 
more acidic, which affects the microbial community by reducing the fungi to bacte-
ria ratio and impact the overall enzymatic activity (Ochoa-Hueso et  al., 2017). 
Changes in the stoichiometry of the plants (higher N/P ratio of the leaves) (Sardans 
et al., 2016) as well as changes in biomass partitioning and allometric ratios (Cambui 
et  al., 2011) have been observed as a response to the increased N deposition. 
Furthermore, the effect of concurrent O3 and N deposition in the Mediterranean can 
change composition and reproductive structure of the annual pastures (Gonzalez- 
Fernandez et al., 2013).

7.3  Accumulation of Toxic Metal Air Pollutants on Vegetation 
and Soil

Only limited number of studies have investigated metals in agricultural soils in the 
Mediterranean region (Stanners & Bourdeau, 1995) and mainly at regional level in 
some countries such as Greece (Stalikas et al., 1997), Italy (Abollino et al., 2002; 
Facchinelli et al., 2001), and Spain (Andreu & Gimeno-García, 1996; Boluda et al., 
1988). Riga-Karandinos et al. (2006) measurements of trace metals at roadside top-
soil in the greater Athens area indicated the penetration of pollution metals into the 
soils, from where they can be potentially transferred to the plants (Gandois et al., 
2010). Evergreen shrubs were tested for their capacity to accumulate a large set of 
metals on the surface of their current season leaves in a Mediterranean environment. 
The results showed a common temporal pattern with elements increasing from early 
summer to midsummer and then decreasing to early autumn. Deposition was also 
linked to meteorological parameters. Rain decreased the accumulation of metals on 
leaves, while increasing wind speed was enhancing the presence of elements on 
leaves (Mori et al., 2015).

Furthermore, Rodríguez Martin et al. (2018) have found significant enrichments 
of metals in Aleppo pine wood compared to the natural environment. More specifi-
cally, they measured 2.5 times higher Pb in tree wood close to burning power plants 
and 25 times higher Cd near mining areas compared to natural areas. Based on 
measurements of aerosols deposited on the leaves of Platanus acerifolia tree from 
23 European cities over 20 countries, Baldacchini et al. (2017) concluded that this 
tree could be used to monitor aerosols, using the morphology and elemental compo-
sition of leaf-deposited particles, together with the leaf magnetic content, i.e., in 
ferromagnetic minerals coming from dust deposited on the leaves (Leng et al., 2018).
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7.4  Plant Nutrient Uptake Limitations Induced by 
Air Pollution

Ochoa-Hueso et al. (2011) suggested that the effect of N deposition inputs and the 
susceptibility of the Mediterranean ecosystems to exotic plant invasion may be con-
trolled by P availability. In their study, Herut et al. (1999) indicated that atmospheric 
inputs of bioavailable N and P represent an imbalanced contribution to the new 
carbon production and reinforce the unusual N:P ratios (∼27) and possible P limita-
tion in the southeast Mediterranean Sea. Ochoa-Hueso and Manrique (2013) and 
Ochoa-Hueso et al. (2017) reported a shift from N to P limitation in the terricolous 
moss Tortella squarrosa in the Iberian Peninsula due to increased N deposition. In 
addition, the epiphytic lichen communities in Portugal and Spain have shifted from 
oligotrophic-dominated to nitrophytic-dominated species (Aguillaume, 2016; Pinho 
et al., 2008). The impact of anthropogenic N emissions on these shifts is supported 
by the 15N isotopic signature of the N composition of mosses, which is shifted to 
more positive δ15N values, while the agricultural activities are reducing δ15N (e.g., 
Delgado et al., 2013). Human-induced imbalance in N and P deposition has been 
also reported for other regions and ecosystems, like the Chinese forests, leading to 
P limitation of the forest ecosystem (Du et al., 2016).

8  Conclusions and Perspectives

Air pollution has significant direct (after uptake by the plant) and indirect (through 
changes in climate and diffuse solar radiation) effects on terrestrial vegetation that 
lead to visible and invisible vegetation damages. These effects, mostly from expo-
sure to high O3, have been observed to reduce crop yields, thus affecting agriculture 
effectiveness and its ability to feed the Earth’s population. Plant phenology, func-
tional type, and the seasonality of O3 have to be taken into account when evaluating 
the impact of air pollution on the Mediterranean vegetation. Understanding of the 
interaction between the various stress factors, in particular climate (temperature, 
droughts, and other extremes) and air pollution (O3, aerosol, CO2) and how these 
factors once combined affect vegetation, is critical for the definition of actions in 
order to preserve biodiversity and sustain agricultural production.

Atmospheric deposition of pollutants provides nutrients and toxic compounds or 
their products to the vegetation via either direct uptake by the foliage or by indirect 
uptake through plants’ roots. Accumulation of pollutants in the environment has 
long-term effects on vegetation and soil; thus, it demands long recovery periods 
after the accumulation has stopped. This is particularly true for N deposition, which 
leads to N accumulation more than the optimal ecosystem levels in the soils, implies 
soil acidification, leads to biodiversity reduction, and changes the composition of 
phytocommunities. Indeed, changes in nutrient stoichiometry have been observed 
in plants exposed to excessively high N levels in the soil resulting from deposition 
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of anthropogenic reactive nitrogen. As in other locations, human-induced P limita-
tion has been observed in Europe and the Mediterranean due to anthropogenic N 
deposition. Such alterations of the ecosystem’s composition must be carefully eval-
uated, particularly under conditions of climate change that are potentially increas-
ing the occurrence of severe drought events. Indeed, interactive effects between 
climate change and N deposition on vegetation have been shown and predicted.

Finally, plants’ response to air pollution is expressed by symptoms that vary 
depending on the plant species and variety and the type of pollutant. Thus, plant 
disturbances caused by air pollution can be utilized to deduce air pollution levels, 
through the so-called biomonitoring procedure. However, since the use of bioindi-
cators requires an unambiguous relationship between the cause and the plant 
response, this approach becomes complicated by the nonlinear response of ecosys-
tems to air pollution and climate change. Despite this complexity, the power of 
biomonitoring to reconstruct past pollution influence, by using, for example, well- 
preserved herbariums compared with present-day situations, can contribute to the 
effort to obtain a spatial view of the impact of atmospheric pollution around the 
Mediterranean regions.

Further research is needed in all abovementioned fields. Observatories for long- 
term monitoring of all compartments of the environment and key drivers are essen-
tial to understand and evaluate the impact of air pollution on Earth’s vegetation. 
This need is specifically urgent for the Mediterranean region, due to its susceptibil-
ity to various stresses induced either by climate change or air pollution or by other 
expressions of human activities footprint on the environment.
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Abstract Mediterranean atmospheric pollution sources, processes, and impacts are 
summarized in this chapter. The companion Volume 1 describes the context and the 
distribution of gaseous and particulate pollutants. The present volume is composed 
of six sections that make the synthesis of our knowledge on air pollutant sources 
(Part V), atmospheric chemical processes (VI), aerosol properties (VII), atmo-
spheric deposition fluxes (VIII), and the impacts of air pollution on the chemical 
composition of precipitation and climate (IX) and on human health and ecosystems 
(X). The conclusions presented in this volume demonstrate large variety of impacts 
of air pollution on the environment in the Mediterranean, including the impacts on 
human health, ecosystems, and climate. Accurate emission evaluation of gaseous 
and particulate pollutants and understanding of their chemical transformation are 
critical for representation and prediction of atmospheric pollution and climate 
change in this region. Long-term observations of physical and chemical parameters 
describing atmospheric composition together with climate variables are essential to 
constrain models and to better quantify interactions between climate change and air 
quality. Addressing the impacts of pollution and supporting mitigation measures 
require holistic and integrated approach to the related studies, putting together sci-
entific communities working on atmosphere, on health, as well as on both terrestrial 
and marine ecosystems.
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1  Introduction

The lower Earth atmosphere composition has been recognized as an important com-
ponent of the Earth system, especially at the regional scale. Its changes have many 
impacts on human health and mortality, on climate, and on terrestrial as well as 
freshwater and marine ecosystems. Changes in atmospheric chemical composition 
are driven by increasing anthropogenic pressure on the environment and climate 
change. In the Mediterranean region, human activities and long-range transport 
affect also the marine atmospheric environment. Atmospheric pollution is often 
higher over the Mediterranean basin than over most European continental regions, 
especially during the long Mediterranean summer season, due to (i) the convergence 
of long-range transported continental air masses that adds to local sources of air 
pollution, (ii) the lack of precipitation scavenging, (iii) intense photochemistry, and 
(iv) local circulations that recycle polluted air layers in the western basin and poor 
ventilation rates. The Mediterranean basin is the recipient of anthropogenic emis-
sions from continental Europe and densely populated coastal urban areas around the 
basin, and from the intense maritime ship traffic, combined with natural emissions 
from the surrounding vegetation, the sea surface, and the African and Middle East 
deserts. In addition, the Mediterranean region is highly sensitive to climate change, 
which already altered, in a substantial way, natural emissions, photochemical pro-
cesses, pollutant transport, dispersion, and wet and dry deposition in the region.

This is the second of the two volumes. The first volume (Dulac et  al., 
2023) addresses the importance of the Mediterranean atmospheric chemistry and 
the general context of the Mediterranean atmospheric environment, including cli-
mate and its predicted evolution and anthropogenic drivers (book Part I; Dulac, 
2023). The role of the atmospheric dynamics in the distribution of atmospheric pol-
lutants is then depicted (Part II; Dayan, 2023). The volume also includes the char-
acterization of the distribution of aerosols (Part III; Mihalopoulos, 2023a) and 
reactive gases (Part IV; Mihalopoulos, 2023b) and their spatial and temporal vari-
ability and trends. This second volume (Dulac et al., 2022) first presents an update 
on regional emissions of natural and anthropogenic pollutants (Part V; Sauvage, 
2022). Sections on chemical processes (Part VI; Beekmann, 2022), aerosol proper-
ties and their connections with atmospheric chemistry and climate (Part VII; 
Formenti, 2022), and deposition (Part VIII; Desboeufs, 2022) are following. The 
last two sections review the main impacts of air pollutants, including the effects on 
chemical composition of precipitation, radiation and climate (Part IX; Kanakidou, 
2022a) and the effects on human health and marine and terrestrial ecosystems (Part 
X; Kanakidou, 2022b). In the following, we first summarize the main conclusions 
presented in the different chapters of Volume 2 and then put forward a number of 
recommendations for future research on air pollutant sources and fates, aerosol 
properties, deposition, and various important impacts of the atmospheric composi-
tion on the Mediterranean region.
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2  Main Conclusions

2.1  Anthropogenic and Natural Emissions of Air Pollutants

The volume starts by making accurate emission assessments of gaseous and particu-
late pollutants as a prerequisite to the study of the interplay between atmospheric 
pollution and climate change in the Mediterranean (Sauvage, 2022). Numerous 
natural and anthropogenic source types have been identified and evaluated in terms 
of chemical composition of emitted pollutants as well as their emission processes.

Sea spray which originates from the action of the wind stress on the sea surface, 
creating waves and bubbles, constitutes one of the most important natural compo-
nents of the global aerosol. These particles are traditionally assumed to be mainly 
composed of inorganic sea salt, an organic fraction, and water. Recent studies in the 
Mediterranean have shown that the chemical composition of the inorganic fraction 
is very similar to the composition of the seawater. Much more uncertainties are 
associated with the emission of marine organic matter. Such knowledge is critical, 
since several laboratory experiments have shown that higher number of sea spray 
particles are emitted when seawater is enriched in biologically derived organics. 
This is also true in the Mediterranean oligotrophic sea, where recent findings have 
identified a clear relationship between the number of emitted sea spray particles and 
the abundance of nanophytoplankton cells in the water. The findings also indicate 
that Mediterranean seawater contains biologically originated organic material with 
the same properties as found in the global ocean. The Mediterranean Sea is oligo-
trophic, and hence, sea spray particles emitted from its surface waters normally 
contain a low level of biologically originating carbon except during phytoplank-
tonic bloom conditions. Under environmental conditions specific to the 
Mediterranean Sea, the relationships between sea spray and the seawater biogeo-
chemical properties are complex and depend on the interplay of physical, (photo)
chemical, and biological processes. Studies have found that concentrations of 
marine organic aerosol particles are highly dependent on the biological productivity 
at the ocean surface and follow the seasonal blooming cycle. Nowadays, parameter-
izations of sea spray aerosol fluxes include an organic component that is at best a 
function of Chlorophyll-a in the seawater, although a recent modelling study has 
integrated the different classes of organic substances in the seawater (originating 
from proteins, lipids, polysaccharides, or humic-like substances) and their surfac-
tant properties, for prescribing their transfer to the atmosphere.

The Mediterranean vegetation is another large contributing source to atmo-
spheric reactive gases and particles including “bioaerosols.” Due to the high vegeta-
tion biodiversity and favorable climatic conditions, the Mediterranean area is a huge 
source of biogenic VOCs (BVOCs), which are precursors of tropospheric ozone and 
secondary organic aerosols (SOA). In the Mediterranean basin, BVOCs could be 
responsible for an additional 5–15 ppb of tropospheric ozone formation in summer-
time and could also contribute significantly to the SOA formation. The countries 
located at the border of the Mediterranean Sea have BVOCs emission rates (by 
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surface unit) 2–3 times higher than other European countries. Based on measure-
ment campaigns in remote areas, more than 20% of VOCs were attributed to bio-
genic sources (primary or secondary) in the western Mediterranean (Corsica) in 
summer, whereas this biogenic contribution to the total VOCs load has been evalu-
ated up to 40% of VOCs in the eastern part of the basin (Cyprus). The determination 
of the speciation and emissions of BVOCs (especially isoprene and terpenes) have 
been performed in several Mediterranean ecosystems at different scales (leaf, 
branch, and canopy). The development of new measurement technologies, based in 
particular on mass spectrometry (e.g., PTR-MS) during the last 20 years, allowed 
for canopy flux measurements as well as the measurements of BVOC classes 
neglected so far, especially methanol and other oxygenated compounds that can be 
emitted in large quantities by the terrestrial vegetation. These measurements have 
enabled good progress in modelling capacity and the development of different sim-
ulation approaches. Studies emphasized that VOC emissions largely depend on the 
species ability to withstand drought.

Mineral dust is a major component of the Mediterranean aerosol. Sporadic dust 
events result in strong spatial and temporal gradients  of dust concentrations with 
concentrations that may vary over several orders of magnitude, from several tens to 
several thousands of μg m−3, in less than 48 h or over hundreds of km. Dust emis-
sions result from complex interactions between meteorological parameters and the 
soil surface including a surface wind threshold effect, making them very sensitive to 
climate change and intensification of high surface winds. Mineral dust emissions 
also result from soil disturbances due to changes in human activities and desertifica-
tion. Observations and models suggest that the entire Sahara, even its southernmost 
part to a lesser extent, can contribute to the dust events observed in the Mediterranean 
basin. It seems that the northern sources, especially those located on the border of 
the Atlas Mountains, in Tunisia, Libya, and Egypt are the most frequent dust source 
areas for the western and central Mediterranean. However, it is also likely that large- 
scale dust events, originating from well-known active dust sources like the Bodélé 
depression or the Western Sahara, are responsible for the most intense dust events 
happening in the Mediterranean basin. The Middle East deserts also appear to be 
seasonal sources of dust in the easternmost Mediterranean basin.

Both gases and particulate  pollutants can be directly emitted by numerous 
anthropogenic sources. Identifying emission sources and quantifying their contribu-
tions to the atmospheric pollution levels are essential steps for environmental man-
agement. There is no specific emission inventory for the Mediterranean region, and 
emission can be estimated either using gridded emissions from global inventories 
like the Atmospheric Chemistry and Climate Model Intercomparison Project 
(ACCMIP) or regional inventories such as EMEP. Some of the non-European coun-
tries of the basin have developed local emission inventories at the national level 
(e.g., Lebanon) or institutional levels (e.g., Egypt and Turkey). Composite emission 
inventories available for the Mediterranean region show a decrease in emissions 
since the 1990s for most of the gaseous compounds. However, PM2.5 increased 
slightly at the end of last century with a slight decreasing trend after the year 2000. 
Road transport is one of the important anthropogenic emission sectors for gaseous 
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emissions like NOx, VOCs, and CO. The Mediterranean Sea is an important path of 
the world network of maritime shipping, especially with the Suez Canal. Almost 4% 
of the total global shipping emissions occur in the Mediterranean with higher emis-
sions in the eastern than in the western part of the basin. Biomass burning in this 
region became more frequent and more intense in the recent years in comparison 
with climatological average. ACCMIP shows an increase in emissions from this 
sources category in the Mediterranean countries in the years 1990–2000 for NOx 
and non-methane VOCs (NMVOCs), with a contribution of biomass burning to total 
emissions of 1% and 2%, respectively. Anthropogenic emission inventories usually 
show consistent trends with discrepancies generally not exceeding 40%. However, 
beside high uncertainties for some pollutants, different patterns are depicted between 
the western, eastern, northern, and southern basins. For inventory evaluation, source 
apportionment based on field observations was made possible by the development  
of source-receptor models and the continuous improvement of analytical technolo-
gies. First experimental initiatives were performed in large cities around the basin 
(Marseille, Athens, Barcelona) bringing new inputs to emission inventory develop-
ment as well as model evaluation. A study conducted in Athens has shown that in 
addition to traffic, residential heating is also an important source of NMVOC in 
winter. More recently, observation campaigns in Beirut  (2011) and Istanbul (2014) 
and Positive Matrix Factorization analysis (PMF) allowed an assessment of the spa-
tiotemporal variability of those large city emissions. Traffic is the major source of 
NMVOCs in Beirut , whereas in Istanbul, the traffic, including exhaust and fuel 
evaporation, only contributes to 16% of NMVOC ambient mixing ratio after natural 
gas evaporation (26%). From comparison with the PMF results in Beirut, the 
national emission inventory for Lebanon is found to underestimate by 20% to 39% 
the road transport emissions of NMVOCs in Beirut . The global emission invento-
ries (ACCMIP, EDGARv4.2) even show more significant differences reaching a 
factor of 10. These results demonstrate the inconsistency between global and 
national inventories as well as the need to consider both the speciation and absolute 
emissions.

Finally, ultrafine particles (UFP, size below 100 nm) have recently been investi-
gated regarding their high potential  impacts. They cover the “nucleation” particle 
size mode, <1–20 nm, and the “Aitken” mode, 20–100 nm. In the upper range of the 
Aitken mode (>40  nm) and further extending into the “accumulation” mode 
(>100  nm), ultrafine particles may act as cloud condensation nuclei (CCN) and 
therefore may strongly impact weather and climate. UFP in the atmosphere origi-
nate mainly from nucleation of gas phase molecules or gas to particle conversion. 
Their main sources are industrial and residential combustion processes as well as 
traffic, especially in large urban areas. Their emission evaluation remains quite 
uncertain and includes only continental sources, leaving out the contribution from 
ship traffic yet intense over the Mediterranean basin. From source areas along the 
coast, UFP are easily transported over the whole Mediterranean basin even beyond 
500 km. The physical and chemical processes (aging) along transport ways lead 
changes in particle size distribution, mainly toward CCN sizes and to the accumula-
tion mode. As a consequence, the fraction of particles acting as CCN is increasing 
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up to 100% in aged particles over Corsica. Single event observations together with 
back trajectories allowed for identification of some major sources of CCN such as 
fossil fuel power plants and the Suez to Gibraltar major shipping route. Nowadays, 
shipping appears as a major source of ultrafine particulate matter, especially in the 
marine environment of the central Mediterranean, which was originally remote  or 
only moderately polluted (at least up to the 1970s). From a maximum of 600–800 
CCN cm−3 in 1970, more than 2000 CCN cm−3 are encountered nowadays over the 
Mediterranean.

2.2  Chemical Processes

Once emitted, air pollutants undergo physicochemical transformations which are 
particularly favored in the Mediterranean region due to its meteorological condi-
tions supporting photochemistry. These processes strongly impact the tropospheric 
chemical composition. Depending on the oxidative capacity, they may lead to the 
formation of secondary pollutants such as ozone or secondary aerosols. Several 
important processes are addressed in this volume (Beekmann, 2022).

The hydroxyl radical (OH) is the main atmospheric oxidant during daytime. The 
recent progress in the total OH reactivity measurement provides a relevant estimate 
of the total load of reactive molecules in the atmosphere as well as a constraint of 
the total OH source when the concentration of the OH radical is known. Moreover, 
this information is of interest to evaluate remaining unmeasured atmospheric con-
stituents that play a role in atmospheric chemistry, to derive the ozone production 
potential, and to understand the formation of new particles. Only a few studies have 
been performed so far in the Mediterranean area on OH reactivity, but nevertheless, 
they have documented OH behavior in various environments, from unperturbed 
natural environment to anthropogenically impacted areas. Studies performed at 
remote sites located in the western and eastern Mediterranean basins have shown 
that the western basin has a larger OH reactivity for these specific sites, which was 
mainly attributed to biogenic VOCs, specifically terpenes, and possibly to their oxi-
dation products. The VOC speciation and the intensity of the emissions depend on 
the type of vegetation but also on the meteorological conditions such as sunlight and 
temperature. Biogenic VOCs are very reactive compounds; therefore, their influ-
ence on OH reactivity is mainly local, although they can have a wider impact 
through the transport of their oxidation products. However, anthropogenic sources 
(urban, industrial, and from oil and gas production and processing) can lead to high 
reactivity like it was demonstrated in the Arabian Gulf, Gulf of Suez, and Suez Canal.

As shown in Vol. 1 of this book, the Mediterranean basin is a summer hot spot for 
surface and tropospheric ozone. Because the marine lower troposphere remained 
largely unexplored, 16 drifting balloon flights were conducted to monitor ozone during 
three ChArMEx field campaigns in summer 2012 and 2013. In situ net ozone produc-
tion was found over sea during daytime in both the marine boundary layer and the free 
troposphere at lower rates than generally observed over the land in polluted coastal 

Summary of Recent Progress and Recommendations for Future Research Regarding Air…



550

areas in the Mediterranean basin but however higher than those found in very remote 
marine environments. Despite the lack of precursor measurements, it was assumed that 
after being launched from relatively polluted areas, the balloons flew in air masses with 
limited levels of ozone precursors leading to an observed daytime ozone buildup of ~10 
ppbv in 6 h in the absence of surface deposition and titration at night.

Secondary aerosols can be organic or inorganic and may represent a large frac-
tion of fine particles especially over the Mediterranean. In summer, organics are 
mostly of biogenic origin, water soluble, and highly oxidized. The secondary aero-
sol is mainly formed from biogenic organic compounds (see the chapter by Sartelet, 
2022). Anthropogenic pollutants also constitute a part of the process through the 
formation of oxidants and by providing an absorbing support for condensation. 
Despite the large uncertainties in BVOCs emissions, 3D air-quality models can now 
well simulate the formation processes, the concentrations, and properties of organic 
aerosol (OA) at remote sites and over forests. For these models, it was shown that 
extremely low-volatility VOCs (ELVOCs) from the oxidation of monoterpenes con-
tribute up to 10% to organic compounds in the western Mediterranean and still 
partly explain the high observed oxidation state of OA. For anthropogenic organic 
precursors, intermediate and semi-volatile organic compounds (I/S-VOCs) are 
found to contribute about 20% or less to total OA in summer, while their contribu-
tion is major in winter (about 80%). VOCs emitted from residential wood combus-
tion may especially influence the OA formation. Wildfires contribute as well to high 
OA loading with I/S-VOCs contributing up to 70% of OA during severe fire epi-
sodes. Primary sea-salt organic emissions are estimated to have a low contribution 
to OA. However, sea-salt emissions strongly enhance the formation of organic aero-
sols by providing an absorbing aqueous mass to the hydrophilic semi-volatile organ-
ics formed from the oxidation of biogenic precursors. The concentrations of 
secondary organic aerosols have been simulated to increase in the Mediterranean by 
2050 because of climate change. Increased temperatures lead to an increase in bio-
genic VOC emissions and to a shift of the gas-particle phase equilibrium toward the 
gas phase. Over cities, the increase in secondary aerosols may also be due to an 
increase in oxidant concentrations, because of NOx emission reductions. Sulfate 
particles represent a large fraction of fine aerosol over the Mediterranean region. 
While the contribution of sea-salt sulfate to PM1 is low, sulfate is highly sensitive to 
primary emissions and specially to ship emissions. Several simulation studies 
showed the strong influence of maritime traffic, meteorology, and sea-salt emissions 
on inorganic aerosol concentrations in the western Mediterranean region.

Recent observation campaigns showed covariations between OA and the oxy-
genated component of the gas phase, suggesting that similar processes lead to the 
formation and aging of organics in the gas and particulate phases. That makes the 
partitioning of oxygenated compounds of importance to better understand these 
processes and predict atmospheric composition, especially over the Mediterranean 
basin where air masses under anthropogenic and biogenic influences are mixed and 
the atmospheric constituents undergo intense photooxidation. The gas-particle par-
titioning of the semi-volatile compounds depends on several factors such as ambient 
conditions (temperature, humidity), the state of particles (viscosity, water content, 
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organic fraction concentrations, acidity, etc.), as well as the properties of the com-
pounds themselves (solubility, vapor pressure, reactivity, etc.). This leads to differ-
ences between experimental and theoretical partitioning coefficients, which have 
important implications for organic aerosol modelling. However, the secondary OA 
(SOA) models previously mentioned have been improved in the framework of 
ChArMEx to consider the formation of nonvolatile organic aerosols from biogenic 
precursors and the viscosity of particles in order to account for deviations from ideal 
partitioning theory.

Among the formation pathways of secondary aerosols, nucleation is the process 
responsible for the formation of new nanoparticle clusters observed in a variety of 
environments, as opposed to the process of condensation onto preexisting particles. 
The processes of nucleation and early growth were found to be ubiquitous in the 
Mediterranean atmosphere, from coastal sites to the open Mediterranean Sea atmo-
spheric boundary layer and free troposphere. The identification of new particle for-
mation (NPF) precursors remains complex. A study in the eastern part of the 
Mediterranean basin demonstrated that the availability of SO2 and sulfuric acid can-
not explain NPF events alone. NPF were, in some cases, strongly correlated to avail-
ability of biogenic organic precursors. In coastal areas, compounds from different 
origins are mixed under sea/land breeze that may induce an enhanced production of 
condensable vapors. The large spatial extent of NPF events over the Mediterranean 
Sea, independent of the air mass origin, suggests the potential contribution of 
marine precursors to nucleation. Experiments were performed with mesocosms in 
the western Mediterranean basin in order to derive direct fluxes of nanoparticles 
formed from seawater. It was demonstrated that new particle clusters can be formed 
with a high formation rate from marine emissions in nontidal waters in a confined 
volume. The concentrations of new clusters correlate with concentration of iodine 
that have condensed onto larger particles. Iodine is thus a key precursor, itself 
dependent on the phytoplanktonic activity. Amines of biological origin are linked to 
the early growth of newly formed clusters. On the other hand, no correlation has 
been found between dimethyl sulfide (DMS) or methane sulfonic acid (MSA) or a 
proxy of sulfuric acid and cluster concentrations. The high level of ozone may also 
favor the formation of new particle clusters from iodine oxides rather than from 
DMS oxidation products, which might be a specificity of the region compared to 
other oceanic environments. However, in the southwestern part of the central basin 
(Lampedusa), less influenced by coastal anthropogenic activities, NPF events were 
associated only with Atlantic air masses with, for the most pronounced event, a 
signature of MSA in the accumulation mode, possibly linked to the condensation of 
marine biogenic vapors.

2.3  Aerosol Properties

Recent scientific progress in the observation of aerosol properties allowed a better 
characterization of atmospheric aerosols in the Mediterranean region over the last 
twenty years. Observation-based knowledge has been improved by longtime series 
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and intensive field campaigns using in situ airborne and spaceborne observations as 
described in this volume (Formenti, 2022). While historical observations and analy-
sis of longtime series have been essential in assessing the fundamental and climate- 
relevant characteristics of aerosol particles, the most recent observational effort 
within the ChArMEx project has provided new way for integration and cross- 
validation of satellite products and in situ observations supporting model evaluation 
and constraints. We now have a reliable knowledge of the chemical composition, 
size distribution, scattering, absorption, and cloud-forming properties of lower and 
mid-tropospheric aerosols over the Mediterranean.

New particle formation events are observed at the regional scale, regardless of 
the air mass origin, both in the boundary layer and the free troposphere, and ultra-
fine particles of less than 100 nm in diameter are ubiquitous over the basin. Particle 
mixing and reactivity leading to new particles formation and growth are favored due 
to the presence of gaseous precursors, the high irradiance, and the specific boundary 
layer dynamic. Sulfate aerosols are abundant, and the atmosphere is generally 
ammonium-poor. Elemental carbon is often present in internal mixture, with impor-
tant implications for optical properties. As a matter of fact, solar radiation absorp-
tion by aerosol particles is a prominent feature of the Mediterranean aerosols, as 
shown by new observations of the single scattering albedo of mineral dust, biomass, 
and fossil fuel burning aerosols. The development of novel instrumentation has 
allowed significant progress in measuring the capability of lower-troposphere aero-
sol particles, mostly mineral dust and biological carbonaceous particles, to act as ice 
nuclei (IN). Numerous new measurements of cloud condensation nuclei (CCN) for 
chemically resolved particles have also become available.

Finally, a key result was highlighted, thanks to the recent ChArMEx experiment, 
showing the conservation of a very coarse mode of mineral dust aerosols during the 
transport above the Mediterranean basin regardless of transport time after emission. 
Dust particles as large as 30 μm were detected in lofted layers in the free tropo-
sphere. The results of drifting balloon measurements in the Mediterranean are con-
sistent with airborne observations in elevated layers across the North Atlantic and 
are, therefore, suggestive of a universal mechanism, possibly involving internal tur-
bulence, strong thermal inversions, and/or electrical processes, counteracting and 
preventing size-dependent sedimentation of large desert dust particles.

2.4  Atmospheric Deposition

Atmospheric deposition, one of the largest processes through which atmospheric 
composition impacts ecosystems, is reviewed in this volume for the Mediterranean 
region (Desboeufs, 2022). Dry and wet deposition constitute a major external source 
of nutrients and contaminants for Mediterranean terrestrial and marine ecosystems. 
Historical measurements dating back to the 1960s and the recent unprecedented 
effort conducted in the framework of ChArMEx to operate a network of several sta-
tions in the western Mediterranean to measure weekly total deposition fluxes over 
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several years have provided a realistic picture of the dust deposition in the 
Mediterranean basin. Mineral dust, which controls annual to short-term aerosol 
mass deposition fluxes in this region, was specifically studied. Long-term simula-
tions point out an important interannual variability of dust deposition and no signifi-
cant trend in the southern part of the basin. However, long-term direct dust (insoluble 
mass) or Al deposition measurements in the northwestern Mediterranean indicate 
an order of magnitude decrease in the deposition fluxes in the 2010s compared to 
the 1980s.

The importance of atmospheric deposition for the biogeochemical cycling of N 
and P in the Mediterranean spurred several longtime series of nutrient deposition 
measurements across the basin, some of which are 30 years long. The results dem-
onstrate no clear long-term trend for P but a decreasing trend for dissolved inorganic 
nitrogen fluxes possibly associated with the anthropogenic emission mitigation. 
However, it is difficult to analyze long-term trends due to the uncertainties in N 
measurements. The usual devices to measure N deposition still neglect the gaseous 
part of nitrogen by dry deposition (in particular of NOx), which could significantly 
contribute to the atmospheric input of N in the Mediterranean system. Moreover, 
although the contribution of organic forms is often similar to, or even higher than, 
the inorganic fraction in the totally deposited amounts of both N and P, the lack of 
relevant data constitutes another factor that greatly increases the uncertainties and 
hinders our knowledge of the nitrogen and phosphorus cycles in this region. A high 
interannual variability has been observed in N and P fluxes at all Mediterranean 
sampling locations. This variability is mainly linked to the frequency of both dust 
intrusion and precipitation events. The spatial variability of nutrient fluxes is related 
to the presence of potential anthropogenic sources with no clear north-south or lon-
gitudinal gradient observed. The variability between measurement sites is usually 
related to the vicinity of local anthropogenic sources or to arrival of anthropogeni-
cally influenced air masses. The temporal dynamics of marine N and P concentra-
tions since 1985 show a high sensitivity to atmospheric deposition of anthropogenic 
compounds and are expected to decline in the coming decades due to pollutant 
emissions control and mitigation.

Atmospheric deposition also brings traces of heavy metals and organic contami-
nants to the Mediterranean waters. Recent studies used statistical methods to address 
the source apportionment of deposited metals. They generally show that anthropo-
genic sources dominate the deposition fluxes of trace and heavy metals, although 
atmospheric mineral dust deposition during strong desert dust events contributes 
strongly to the deposition fluxes of elements such as silicon, titanium, aluminum, 
iron, and nickel in a lesser extent. Atmospheric metal fluxes are typically too low to 
have a toxicological impact on the Mediterranean marine biosphere. Organic con-
taminants show low deposition fluxes due to the air-sea equilibrium and degradation 
processes in the water column and, hence, may only have a small impact on marine 
ecosystems.
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2.5  Impacts

Air pollutant impacts on weather and climate, human health, and marine and ter-
restrial ecosystems in the Mediterranean region are finally reviewed in this volume 
(Kanakidou, 2022a; Kanakidou, 2022b). Aerosol particles and tropospheric ozone 
are both short-lived pollutants and radiative forcers with direct and indirect radiative 
forcing of paramount importance to climate. Tropospheric ozone is both an impor-
tant reactive (oxidative) air pollutant and the third most important greenhouse gas 
after CO2 and CH4, while most atmospheric particles, except the absorbing ones 
(namely, black, brown carbon, and mineral dust), exert a cooling effect to the atmo-
sphere, i.e., an opposite effect to that of the greenhouse gases. However, the ultra-
fine fraction, too small to interfere directly with shortwave radiation, might impact 
the budget of greenhouse gases and their vertical distribution via aerosol cloud 
interactions, e.g., by increasing cloud droplet evaporation in mid elevations of the 
troposphere. This effect also contributes to the latent heat energy budget.

Tropospheric ozone radiative effect is the strongest in the eastern Mediterranean 
during the summer ozone concentration maximum, which is primarily driven by 
meteorological conditions that favor long-range transport to the region, low precipi-
tation, and intensive photochemistry. The contribution of anthropogenic emissions 
to tropospheric ozone formation is the greatest in winter resulting in high anthropo-
genic radiative forcing of tropospheric ozone.

At the basin scale, the annual mean direct forcing by coarse and fine atmospheric 
particles is larger than the effect of greenhouse gases but with an opposite sign. As 
a result, the observed decrease in sulfate aerosol due to the enforcement of clean air 
policies in Europe that is beneficial for air quality and human health led to about 
20%–25% increase in the surface warming in the Euro-Mediterranean region 
between 1980 and 2012. Aerosols can strongly modulate both the net shortwave and 
longwave radiation fluxes reaching the surface in the Mediterranean basin, by scat-
tering and absorbing solar and infrared radiations. For large particles, as is the case 
of mineral dust, the warming from the absorption of longwave radiation can par-
tially offset the cooling from scattering of the shortwave radiation, as seen at 
Lampedusa where the longwave forcing has been shown to offset about 50% of the 
shortwave forcing at the surface during desert dust events. Furthermore, over the 
Mediterranean region, absorption of radiation by aerosol particles within the tropo-
sphere provides a key contribution to the regional direct radiative impact of aerosols 
and affects atmospheric heating rates and stability. For absorbing aerosols including 
mineral dust, radiative forcing at the top of the atmosphere is generally much 
smaller than the forcing at the surface, and it is negative. For some extremely 
absorbing mixed dust and carbonaceous particles, however, models simulate posi-
tive values of the direct forcing at the top of the atmosphere (note that the albedo can 
significantly impact the forcing over bright surfaces such as clouds and deserts).

The surface solar radiation (SSR) controls the heating rates and surface energy 
balance, the meteorological and climatic conditions, the diurnal and seasonal tem-
perature variations, the water cycle, the plant photosynthesis, and the carbon cycle. 
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It is therefore important for life on Earth. Large heterogeneities are found in the 
amount and trends in SSR that partially reflect differences in the amount, seasonal-
ity, and year-to-year variability of aerosol loads, water vapor, and clouds presence 
over the various parts of the Mediterranean.

Aerosols  have been shown to be able to significantly reduce UV irradiance in the 
Mediterranean. Their impact on the Mediterranean  is thus a relevant question due 
to the presence of persistent, occasionally high loads of aerosols over the area 
together with high concentrations of tropospheric ozone. Experimental studies have 
shown strong impacts of aerosol on two key photolysis rates, that of O3 to singlet 
oxygen (O1D) and of NO2, respectively, leading to O3 loss and O3 formation. Long- 
term observations at Finokalia (Crete) revealed a reduction of −6% in both photoly-
sis rates at low aerosol load and a larger reduction of −30% to −40% for aerosol 
optical depth exceeding 0.5. Including the aerosol effects on photolysis rates in 
models reduces both the production and the destruction of tropospheric ozone, by 
reducing the photolysis of NO2 and of O3, respectively, resulting in a relatively weak 
net effect of aerosols on O3 concentrations.

Extinction of radiation by aerosols impacts the photovoltaic energy production 
(PV) in the Mediterranean. The brightening trend observed in Europe since 1980 in 
relation to the implementation of air-quality policies could potentially have 
increased PV production by more than 10% in the lifetime of a power plant. On a 
shorter timescale, however, aerosol outbreaks causing high aerosol optical depth 
(dust, biomass burning, etc.) can lead to drastic reduction of PV production. In the 
Sahel zone, the reduction of PV production due to aerosols can approach 50% under 
extreme events, like dust storms. Similarly, in the western Mediterranean, extreme 
aerosol loadings caused by dust and smoke have decreased PV daily yield by 34% 
and 5%, respectively. In Romania, volcanic ashes, desert dust, biomass burning, and 
urban aerosols are found responsible for a loss of around 20% in PV energy produc-
tion. Accumulation of dust after deposition over the optical surfaces (soiling effect) 
also affects transmission and reflection of solar irradiance, reducing the PV electric-
ity production. The impact of soiling on a PV power plant depends on the dust 
properties, the frequency of different dust episodes, the rain events, and the tilt of 
the panels. Finer particles have large specific surface areas, meaning that when they 
are deposited on the panels, energy loss is higher in comparison to the same mass 
concentration of larger particles. Future projections do not always agree on the 
impact of aerosol on PV productivity. However, the most recent studies using 
regional climate models accounting for evolving aerosols simulated a summertime 
increase in future PV potential in central and eastern Europe by up to +10%.

In addition to their direct effects on solar and terrestrial radiations, aerosols also 
affect climate and weather through their impact on cloud formation and properties 
via radiative and microphysical mechanisms. In particular, aerosols modify cloud 
droplet and ice particle number concentrations and cloud albedo with consequences 
for precipitation. Over the Mediterranean basin, different aerosol types, namely, 
dust, sea-salt, bioaerosols, and anthropogenic aerosols contribute to the formation 
of cloud condensation and ice nucleating particles, thus modifying cloud properties. 
Furthermore, absorbing aerosols frequently present in the Mediterranean 
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atmosphere, with biomass burning aerosol as a major contributor, are modifying 
atmospheric dynamics and cloud cover, thus impacting regional climate, the so-
called semi-direct aerosol effect. Despite the large uncertainties in the current 
parameterizations of aerosol impact on cloud microphysics, aerosol-cloud interac-
tions have been shown an important component to be considered in the regional 
climate simulations. Keeping in mind the large uncertainties associated with these 
simulations, larger impacts on the average radiative budget over the Mediterranean 
are found from the direct and semi-direct effects than from the cloud-albedo indi-
rect effect.

Aerosols also have diverse impacts on atmospheric and precipitation chemistry. 
Their surfaces serve as substrates for heterogeneous reactions that affect reactive 
nitrogen species and subsequently atmospheric oxidant levels, sulfur dioxide oxida-
tion in the atmosphere, atmospheric acidity, and secondary organic aerosol forma-
tion. Atmospheric acidity of aerosol water, cloud water, and precipitation is driving 
solubilization of nutrients and/or toxic metals present in aerosols and, overall, pre-
cipitation chemistry. Because of the challenges in measuring aerosol acidity, this 
parameter is inferred from observations of aerosol chemical composition, relative 
humidity, temperature, and thermodynamic modelling. Studies have shown that 
aerosol acidity exhibits significant regional and temporal variability that also 
depends on aerosol size. Indeed, the size dependence of aerosol acidity is consider-
able with the fine aerosol being strongly acidic, particularly in the absence of bio-
mass burning, and the coarse aerosol demonstrating larger pH values by about 2 pH 
units. Therefore, evaluation of the aerosol impacts requires a comprehensive under-
standing of the variations of pH and liquid water content across particle size.

During transport in the atmosphere, aerosol particles are chemically processed 
resulting in conversion of insoluble minerals to soluble nutrients (or toxic compo-
nents) that are then entering into the ecosystems following the atmospheric deposi-
tion of aerosols. Thus, key properties of atmospheric aerosols that affect the 
ecosystems and human health are changing during physicochemical aging of aero-
sols in the Mediterranean atmosphere, where dust and acids are mixed. Atmospheric 
deposition of soluble material is important because of the stimulation of ecosystem 
growth and carbon sequestration. At the same time, soluble metal species can have 
a significant negative impact on human health. Therefore, our understanding of the 
aerosol aging processes and impacts of soluble material availability needs to be 
improved and quantified by integrating them into Earth system modelling. 
Understanding of interactions between aerosol, chemical aging, and chemical com-
position of deposition is critical to fully appreciate the broader impacts of human 
activities on people, ecosystems, and climate throughout the Mediterranean.

Adverse health effects in various human organs have been associated with expo-
sure to air pollution in the Mediterranean region, even at low concentrations of air 
pollutants. The improvement of the accuracy of air pollution exposure assessment 
over recent decades has enabled the acquisition of spatiotemporal exposure values 
at the individual level. Therefore, in the Mediterranean, significant associations 
between particulate matter (PM) load and increased all-cause mortality have been 
found by several studies with the biggest toll on the elderly. Evidence for 
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associations between PM levels in the atmosphere and hospitalizations has been 
provided by several studies in the Mediterranean region, for instance, in Lebanon, 
Cyprus, Greece, Italy, and Spain. Older people (>75 years) show also higher suscep-
tibility than younger people to high atmospheric PM loadings, especially when 
combined with warm weather. Studies also show that the size of PM is mainly driv-
ing the health effects of PM, fine particles having larger adverse effects on diabetes, 
cardiac diseases, cerebrovascular diseases, lower respiratory tract infections (LRTI), 
and chronic obstructive pulmonary disease (COPD).

The relationship between particulate chemical composition and hospitalizations 
and mortality has also been investigated over a period of 10 years (2003–2013) in 
several large Spanish and Italian cities. Increased hospital admissions were associ-
ated with the increased presence of various chemical species in aerosol particles 
such as elemental carbon (EC), SO4

2−, SiO2, Ca, Fe, Zn, Cu, Ti, Mn, V, and Ni. For 
instance, EC, a product of combustion processes, increased risks of mortality and 
hospitalizations by up to 3% for one interquartile increase in its concentration. 
SO4

2− increased respiratory mortality and hospitalizations and cardiovascular hospi-
talizations. Metals contained in atmospheric particles were also pointed to cause 
health effects. SiO2, Ca, Fe, and Ti that have a mineral origin and are associated 
either with road or desert dust had strong health effects in all studied cities. Ni and 
V, commonly linked to the combustion of fuel oil, increased respiratory hospital 
admissions, and in particular, Ni increased respiratory mortality. Note, however, the 
fact that presence of some of the health-damaging constituents was highly corre-
lated, prohibiting the identification of the exact responsible pollutant. Exposure to 
gaseous pollutants was also studied in several European cities, and significant posi-
tive correlations were found between daily deaths and both exposure to NO2 and O3. 
For cardiovascular mortality, this association was higher for southern Europe in 
agreement with previous findings that showed a synergistic effect of O3 and tem-
perature on cardiovascular mortality.

Despite the European policies on clean air and the decrease of some atmospheric 
pollutant levels during past decades, the regulatory limit values for heath are still 
often exceeded, and little or no change in the overall toxicity of the air pollution has 
been found in Rome from 17 years of data. In addition, socioeconomic conditions 
together with stress, smoking, and neighborhood factors (traffic proximity) may 
have a direct effect on exposure to poor air quality. Such issues persist over time and 
must be adequately addressed by the society. In addition to human health, air pollu-
tion jointly with climate change also affects ecosystems. Climate change impacts 
the ocean-atmosphere exchange especially through a change of the surface water 
stratification and, as consequence, the ocean fertilization by atmospheric species. 
Models predict that open Mediterranean surface seawater pH could decrease by up 
to about 0.3 pH unit by the end of the century due to ocean uptake of the atmo-
spheric CO2, leading to a change in atmospheric nutrient availability as consequence 
of the potential increase in their solubility. On the other hand, predictions for atmo-
spheric aerosol pH and precipitation show a potential decrease in atmospheric acid-
ity (i.e., increase in pH), following the observed trend of the recent years, thus 
leading to smaller differences in acidity between the atmospheric inputs and the 
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surface seawater. Future changes in atmospheric inputs of the main nutrients could 
affect the functioning of the Mediterranean ecosystem through modification of the 
plankton assemblages with possible consequences for higher trophic levels. A 
1-month oceanographic cruise (PEACETIME) that combined in situ observation of 
the atmospheric chemical composition and process studies was set up in spring 
2017 to go further in our understanding of processes at the air-sea interface in the 
western and central Mediterranean. An African dust wet deposition event could be 
targeted by the research vessel between Baleares and Algeria and monitored in both 
air and sea (Guieu et al., 2020), and the water column was also sampled a few days 
after another high dust deposition event in the Tyrrhenian Sea. Both events were 
associated with different behaviors of marine Al and Fe (Bressac et al., 2021).

Nutrients and toxic compounds are also provided through atmospheric deposi-
tion to the continental vegetation via either direct uptake by the foliage or by indi-
rect uptake through plants’ roots. Impacts of air pollution on vegetation are either 
direct or indirect. Direct impacts occur through (i) phytotoxicity resulting from 
ozone, sulfur, nitrogen, and other pollutants stomatal and non-stomatal uptake by 
the plants, (ii) nutrient balance modification by atmospheric deposition, (iii) transfer 
of plant diseases by aerosols, and (iv) pollution by metals and persistent pollutants. 
Indirect impacts occur through changes in the physical state of the atmosphere and 
changes in ambient temperature and relative humidity as well as in the diffuse solar 
radiation that reaches vegetation (impacted by greenhouse gases and aerosols). Air 
pollution leads to visible and invisible damages of terrestrial vegetation. Exposure 
to air pollutants, especially to high O3, have been observed to reduce crop yields, 
thus agriculture’s ability to feed the Earth’s population. The evaluation of the impact 
of air pollution on the Mediterranean vegetation requires consideration of plant phe-
nology, functional type, and the seasonality of O3. Various stress factors, in particu-
lar climate (temperature, droughts, and other extremes) and air pollution (O3, 
aerosol), have combined effects on vegetation. Understanding these effects is a pre-
requisite for the definition of actions to preserve biodiversity and sustain agricul-
tural production.

It is noticeable that long-term effects on vegetation and soil, induced by pollut-
ants accumulation, require long periods of recovery after the accumulation has 
stopped. Nitrogen accumulation in excess of the optimal ecosystem levels in the 
soils, induced by atmospheric deposition, implies soil acidification and leads to 
change in the composition of phytocommunities and biodiversity reduction. 
Exposure of plants to excessively high nitrogen levels in the soil resulting from 
deposition of anthropogenic reactive nitrogen has been found to induce changes in 
nutrient stoichiometry in the plants. This imbalance in N and P deposition has been 
observed to result in phosphorus limitation of ecosystems in Europe and the 
Mediterranean, as also found elsewhere, for instance, in China’s forests and in 
Alpine lakes. Such alterations of the available nutrient balance induced by air pol-
lution impact vegetation and must be carefully examined, particularly under condi-
tions of climate change that is potentially increasing the occurrence of severe 
drought events and exacerbates the impacts of air pollution on vegetation.
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3  Main Recommendations

In this subchapter, we issue several recommendations for future research on natural 
and anthropogenic source identification and apportionment, atmospheric processes, 
aerosols properties, as well as research strategies for the mitigation of air pollution 
impacts in the Mediterranean region.

3.1  Safeguard the Regional Integration of the Mediterranean 
Scientific Community

Five ChArMEx international workshops were held in France, Spain, Italy, and 
Cyprus from 2009 to 2016, gathering between about 60 and 90 participants from up 
to 19 countries at a time. The sixth one to be held in Greece in fall 2019 was can-
celled for funding reasons, and we suggest supporting a new workshop, possibly 
jointly organized with other more recent projects in the eastern basin such as 
A-LIFE, AQABA, EMME-CARE, EXCELSIOR, PANACEA, etc., in order to 
encourage further international scientific cooperation on atmospheric chemistry and 
its impacts in the region.

3.2  Improve Emission Data

 Improve our Knowledge of Natural Emission Sources

Mesoscale models are unable to reproduce the number concentrations of aerosol 
particles in the marine boundary layer and their impact on cloud properties. Large 
uncertainties in the projection of future climate can be attributed to a lack of knowl-
edge on marine aerosols. In the Mediterranean area, the marine aerosol emission 
pathways may be different from those in other parts of the world due to the specific 
temperature range and oligotrophic properties of the seawater, and high radiation and 
ozone levels in the atmosphere, which lead to intense photochemical activity through-
out the year. Furthermore, the Mediterranean Sea receives a large amount of radia-
tion, with effects on emissions which are largely unknown. Hence, future research 
should be the focus on sea spray aerosol emissions. Further experiments have to be 
designed to study marine emission pathways under specific Mediterranean conditions.

We still miss measurements to characterize Biogenic Volatile Organic Compounds 
(BVOC) emissions and chemistry. There are still plenty of Mediterranean species 
which are poorly investigated, and we recommend extending measurements to a 
larger number of plant species. Although emissions from bare soil are very low, 
VOC emissions from the litter may also need to be considered. More flux measure-
ments are needed to better characterize this source and enable its implementation in 
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emission models. Airborne measurements can be recommended in the Mediterranean 
area for a good representation of BVOCs emissions at the landscape scale. Our 
capability to correctly assess the impact of drought on VOC emission inventories is 
especially crucial for regions like the Mediterranean, that are covered with a large 
quantity of strong VOC emitters and that experience frequent drought episodes. We 
still need more data (1) to refine our knowledge on drought effects on BVOC emis-
sions and (2) to parameterize and validate empirical approaches over a broader 
range of environmental stress conditions and of emitters. Therefore, we recommend 
expanding field experiments, like the one performed recently at the Oak Observatory 
at Observatoire de Haute-Provence (O3HP) in southern France with a controlled 
reduction of natural precipitation received, to other Mediterranean ecosystems to 
better understand their responses to climate change. All these improvements in 
BVOC emission characterization will help as well to improve modelling of the sec-
ondary species (ozone, secondary organic aerosols) and to better assess biosphere- 
atmosphere interactions in the context of regional climate change.

A more systematic identification of the source regions of mineral dusts should be 
performed in a context of semiarid area evolution under climate change. The 
improvement of remote sensing techniques and meteorological data analysis 
together with chemical and mineralogical approaches provides efficient tools for 
mineral dust source identification.

 Improve Anthropogenic Air Pollutant Emission Inventories

Anthropogenic emission inventories are still associated with large uncertainties. 
There is a need for highly spatially and temporally resolved local emission invento-
ries that consider Mediterranean region heterogeneities in terms of environment, 
level of technology, and regulations. Harmonized methodology and quality assur-
ance/quality control of the inventories are recommended to maintain a minimum 
level of reliability. Evaluation of emission inventories must be performed using 
chemical-transport modelling as well as remote sensing and in situ measurements. 
Sustained projects like TRANSEMED or EMME-CARE are much needed espe-
cially in the southern part of the basin to favor collaborations with decision-makers 
with the help of the northern countries to enhance policy making related to emission 
regulations and the future of the atmospheric environment in the Mediterranean basin.

3.3  Better Evaluate Ozone Production 
and Characterize Impacts

 Study the Atmospheric Oxidant Budget

For a complete understanding of OH reactivity and budget in the Mediterranean 
basin, measurements of the missing reactivity in different natural and anthropogenic 
environments and seasons are needed together with a complete speciation of the 
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gaseous phase. That would allow the identification of unmeasured compounds lead-
ing to a significant missing OH reactivity, to better constraining the OH budget and 
estimate the O3 production potential, as well as to compare total reactivity derived 
from atmospheric chemistry models and from measurements.

 Study the Impact of Ozone Forcing on Atmospheric Dynamics 
and Chemistry and the Future Evolution of Ozone

Further research is needed to understand the impact of strong regional forcing due 
to tropospheric ozone on the regional atmospheric dynamics and chemistry, includ-
ing how high ozone and OH production interacts with other pollutants. Ozone levels 
and derived ozone net production rates should be considered as an important obser-
vational constraint for numerical chemistry-transport modelling studies. A better 
understanding of ozone chemistry should improve air-quality models and forecasts 
around the Mediterranean basin. This is important in a context of changing climate 
and emissions that will affect regional ozone levels. Studies should also focus on 
how effective future emission reduction scenarios will be for decreasing tropo-
spheric ozone in the Mediterranean basin, contrasting the projected changes in cli-
mate, which may further increase ozone production and counteract mitigation 
measures.

3.4  Conduct Multiparametric Investigations of Aerosols

 Improve the Understanding of Secondary Aerosol Formation Processes

The mechanisms leading to formation of secondary aerosols are complex, nonlin-
ear, and still not fully understood. Therefore, there is a need for long-term monitor-
ing of the aerosol precursors both organic and inorganics, together with the 
composition of the aerosol, in particular of its finest fraction.

The measurement of the concentration of nanometric particles, simultaneously 
with potential precursor gases of low volatility, is a prerequisite to understand the 
contribution from the different sources (marine, anthropogenic, vegetation, or a 
combined effect of different sources) to the process of nucleation. More modelling 
studies on nucleation in the Mediterranean atmosphere will help in testing different 
hypotheses for potential nucleating species in such an environment.

 Document and Model the Gas-Particle Partitioning and Aerosol 
Surface Reactions

An accurate representation of the gas-particle partitioning is required to better char-
acterize aerosol concentrations. The study of experimental partitioning coefficients 
should be carried on in various types of environments and systematically compared 
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to theoretical ones considering thermodynamic and aerosol mixing state. Moreover, 
hypotheses of multilayer particles of various viscosities and/or phases or reactivity 
in the particulate phase should be investigated by comparing measurements and 
simulations.

While reactions at the surface of dust and sea-salt aerosol particles have been 
reasonably well documented by laboratory and field studies over the past decades, 
they are not routinely integrated in atmospheric modelling owing to difficulties 
regarding the treatment, model setup (e.g., emissions), and computational expense 
associated with the rigorous representation of size-segregated aerosol composition 
and processes. Furthermore, the uncertainty associated with studying size-resolved 
processes in the laboratory and field poses additional and worth addressing 
challenges.

 Improve Understanding of Relationships between Aerosol Composition 
and Optical Properties

Assessment of the chemical composition, particle size distribution, optical and 
hygroscopic properties of particles, and their mixtures needs to be combined in 
“closure” studies, including inverse methods and numerical modelling.

A better assessment of the aerosol spectral single scattering albedo is needed, 
especially for biomass burning particles, based on observations from satellites and 
both in situ at the surface and airborne platforms, to encompass the limitations of 
columnar data. The effect of the mixing state (external and/or internal) of absorbing 
aerosols (urban/industrial black carbon, biomass burning, and even mineral dust) 
should be better understood and parameterized.

 Use Satellite Observations to Broaden Perspective on Aerosol Spatial 
and Temporal Variabilities

An advanced use of new satellite observations is crucial to improve the regional, 
seasonal, annual, and long-term description of aerosol parameters. This is espe-
cially true for the aerosol size distribution which is measured during field cam-
paigns, limited in scope and time, and retrieved at fixed, distributed but relatively 
sparse AERONET sites that provide column averages. A broader picture, including 
seasonality of the aerosol size distribution, is needed, and it would require advanced 
analysis of spaceborne products beyond the column-averaged aerosol Angström 
exponent or the effective aerosol diameter.
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 Perform New Laboratory Studies that Simulate the Mediterranean 
Atmosphere in Addition to Field Experiments, to Investigate Aerosol 
Particle Reactivity and Evolution

The reactivity of aerosol particles in air masses relevant to Mediterranean condi-
tions should be investigated. Field observations of particle aging due to surface 
reactivity and gas-phase uptake are complex in the real environment where the ini-
tial state of the air mass is unknown. Traditional laboratory experiments have been 
performed on single species (both in the aerosol and gas phase). We recommend 
that new laboratory studies simulating the Mediterranean atmosphere should be per-
formed in flow tubes and large-scale reactors to investigate the reactivity as well as 
its induced changes in the particle optical and hygroscopic properties.

The new generation of fast measuring techniques needs to be applied in chamber 
and field experiments that include nocturnal conditions and the detection of more 
comprehensive sets of species within both gaseous and particulate phases. These 
should provide information on SOA formation and primary carbonaceous aerosol 
aging as well as on the properties of the resulting aged aerosols in the atmosphere. 
Such information is needed to improve model simulations of fine atmospheric 
aerosols.

 Investigate the Connection between the Concentration of Cloud 
Condensation Nuclei (CCN) and the Cloud Droplet Number Concentration

A better connection between the concentration of CCN particles and the ambient 
cloud droplet number concentration should be sought. That would improve the 
quantification of precipitation from shallow convection and more generally foster 
our understanding of the processes and feedbacks in the aerosol-cloud-climate sys-
tem for the improvement of climate models in the Mediterranean region.

 Investigate the Chemical Speciation of Particles Serving as Ice Nuclei by 
Combining Field and Laboratory Experiments

The chemical speciation of particles serving as ice nuclei and the extent to which 
anthropogenic aerosols can play a role in ice cloud formation are still open ques-
tions. Combined field experiments and targeted laboratory investigations should be 
designed.

UFP are suspected to strongly impact climate through aerosol-cloud interactions. 
Increasing emissions of UFP have likely contributed to the observed modification of 
rainfall patterns in the region within the last decades. There is also experimental 
evidence that in other areas with reported exceptional rainfall deficiencies, the num-
ber concentrations of UFP were enhanced in a similar way to the Mediterranean and 
that rainfall decline timely correlates with an increase in ultrafine particles. There is 
therefore a need for observations of this aerosol fraction and further sophisticated 
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climate modelling of its impacts with updated primary emission inputs as well as 
detailed physical characteristics of aerosols and clouds.

 Enlarge the Bioaerosol Measurement Network

Bioaerosols is an emerging important topic due to its potential impact on human 
health and on climate. The situation is contrasted. While pollen measurements are 
routinely performed in the western part of the Mediterranean basin, the eastern part 
is much less documented. In addition, measurements of fungal spores and bacteria 
are still very scarce in the whole basin. Therefore, current efforts to extend the bio-
aerosol measurement network should be encouraged, in parallel with the implemen-
tation of bioaerosols in regional models.

3.5  Pursue the Monitoring of Atmospheric Deposition 
to Better Constrain Models

 Evaluate the Contribution of Aerosol Particle Types to the Total 
Mass Deposition

Long-term simulations and observations of mineral dust deposition fluxes since the 
1980s do not seem to agree on trends. Simulations point out an important interan-
nual variability of dust deposition and no overall trend, whereas measurements indi-
cate a strong decrease in dust deposition. This illustrates the need to pursue a 
combined monitoring of both atmospheric dust load and deposition. These direct 
observations and model simulations must be better combined to document a possi-
ble evolution in the Mediterranean region. The estimation of the relative contribu-
tion of the different aerosol particles to the total mass deposition in the Mediterranean 
requires joint studies of air mass trajectories and chemical composition of the depo-
sition. Deposition fluxes can provide an improved constraint to the dust transport 
models compared to the current validation by surface PM concentrations and aero-
sol optical depth. This will allow a more accurate computing of the desert dust mass 
budget and associated transfers of chemical elements from arid areas to the marine 
and terrestrial ecosystems of the Mediterranean basin.

 Reinforce Long-Term Measurements of Nutrient Deposition over the Basin

The regulation of pollutant emissions from anthropogenic activities could be a key 
driver affecting the Mediterranean oligotrophic seawater nutrient cycles and hence 
the marine ecosystem in the future. Moreover, atmospheric trace metal sources and 
ecosystem impacts need to be better understood to provide high-quality projections 
in a context of future changes. Modelling is the optimal method to differentiate 
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spatial and temporal variations of anthropogenic deposition. However, the model 
quantification of the atmospheric nutrient deposition over the Mediterranean basin 
has still to be considered with caution. Aerosol and dust atmospheric transport and 
deposition simulations differ widely from model to model regarding the total mass 
of nutrient deposition as well as its spatial and temporal patterns. The observational 
time series are spatially spotty and tend to exist for relatively short time periods (a 
few years at best). We underline the need for more long-term deposition measure-
ments in order to better constrain the modelling of important nutrient sources for the 
Mediterranean.

 Better Represent Spatial and Temporal Variabilities of Trace Metal 
and Organic Contaminant Deposition

Due to their environmental impact, emissions of metals and organic contaminants 
have been targeted by different regulations in Europe. Similar regulations are under-
way in North Africa. In the near future, fluxes of metals could decrease by orders of 
magnitude so that they would not anymore represent a contamination source. But 
atmospheric fluxes of some trace metals might become too low to support the needs 
of ecosystems. Moreover, due to climate change, the Mediterranean is expected to 
experience a dryer and warmer climate that could impact the soluble (bioavailable) 
inputs of metals by wet deposition. Thus, the future evolution of the atmospheric 
trace metals sources and deposition in a changing climate should be investigated. 
The limited available deposition observations do not enable us to observe and quan-
tify the potential impact of emission regulations on the atmospheric deposition 
fluxes of metals and organic contaminants. We still lack information on the recent 
deposition fluxes of metals as well as on the spatial distribution of these fluxes. 
Current monitoring sites are also not equipped enough to documents emerging con-
taminants. For organic contaminants, the deposition measurements are often limited 
to one or two studies for each persistent organic pollutant or associated pollutants. 
In addition, most deposition measurements are carried out at coastal sites, where 
local or regional contamination is often present. We thus recommend increasing 
representative measurements of atmospheric concentrations and wet deposition of 
these compounds in isolated islands and during oceanographic cruises in remote 
waters of the Mediterranean basin.

 Further Investigate New Emerging Organic Contaminants

New emerging organic contaminants, including flame retardants, perfluoroalkyl 
substances, surfactants, personal care products, and pharmaceutical compounds, 
have been identified and could prove to be problematic for marine ecosystems in the 
coming years but have received little consideration yet. In addition, phosphorus is a 
limiting nutrient in the oligotrophic Mediterranean Sea. The contribution of organo-
phosphate esters and other potential families of organic compounds containing P as 
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a source of phosphorus could be a relevant aspect of the atmospheric deposition of 
organic chemicals in the Mediterranean Sea. The studies of these emerging and 
P-rich contaminants are also key to estimate the effect of atmospheric deposition on 
marine biogeochemistry.

 Provide more Robust Data of Nitrogenous and Phosphorus 
Compound Deposition

It is difficult to analyze long-term trends of nitrogen (N) deposition due to the 
uncertainties in its measurements. The usual devices to measure N deposition still 
neglect the gaseous part of its dry deposition, which could be a significant form of 
atmospheric input of N in Mediterranean systems. The synopsis of survey data is 
complicated by a strong dependence of the results on sampling and analytical meth-
ods. Hence, we encourage the use of common procedures for total deposition sam-
pling between the different longtime series sites, as it is the case of the harmonized 
method for monitoring of air pollution effects on European forests (http://icp- 
forests.net/; last access 20 July 2022).

Recent efforts to estimate the deposition of organic forms of nitrogen (N) and 
phosphorus (P) have shown that it is often similar to, or even higher than, the inor-
ganic fraction in the total deposition, both for N and P. Despite this evidence, data 
are still fragmented. Moreover, the exact source of these organic forms remains 
unknown. The lack of data constitutes a great source of uncertainties and hinders 
our knowledge of the nitrogen and phosphorus cycles in this region. Efforts to better 
characterize the organic fraction in the total deposition of N and P need to be 
continued.

3.6  Further Study the Impacts of the Aerosol Direct 
and Indirect Radiative Forcing

 Include the Impact of Longwave Direct Radiative Forcing in Regional 
Climate Modelling

The direct radiative forcing exerted by desert aerosols in the longwave spectral 
range has been demonstrated locally. Further studies for quantifying this effect must 
be carried out at the regional scale.

 Study the Impact of Aerosol Direct Radiative Forcing Using Coupled 
Atmosphere-Ocean Models

It appears crucial to investigate more deeply the impact of the direct radiative effect 
of aerosols over both continental and marine surfaces on the Mediterranean climate. 
The yearly-mean direct aerosol radiative forcing at the surface ranges from −10 to 
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−30  W  m−2 over the Mediterranean basin. This direct radiative effect impacts 
humidity fluxes between the sea and the atmosphere and more largely the hydro-
logical cycle. For this, coupled atmosphere-ocean models are necessary because 
they can account for changes in sea surface temperature and evaporation due to the 
aerosol dimming at the surface.

 Study the Impact of Absorbing Aerosols

A lot of studies report important differences between the surface and the top of 
atmosphere (TOA) direct forcing, indicating that an important part of solar radiation 
is absorbed within absorbing aerosol layers (anthropogenic, mineral dust, and 
smoke, typically) heating the atmosphere. The yearly-mean atmospheric forcing 
due to anthropogenic particles can reach as high as 5–10  W  m−2 over the 
Mediterranean basin. In that context, more mesoscale and RCM simulations are 
needed to quantify at different timescale, the semi-direct effect of natural/anthropo-
genic aerosols on the thermodynamic properties of the atmosphere, and the circula-
tion at regional scale.

In-depth investigation of the link between the aerosol direct forcing and some 
characteristics of the Mediterranean heat waves (intensity, duration), especially for 
mineral dust and anthropogenic particles, which absorb solar radiation, should also 
be a priority for future research given the expected regional climate change and 
demonstrated positive aerosol feedback on heat waves.

It would also be interesting to study the effects of aerosol radiative forcing on air 
quality through the possible impact of heating by absorbing aerosols on the bound-
ary layer development and mixing.

 Study the Impact of Aerosol Radiative Impacts on Photovoltaic Production

The aerosol radiative impact on photovoltaic production is an issue of recent con-
cern, especially driven by the need of energy production and distribution networks 
to have accurate forecasts of the daily production yield. More studies dedicated to 
the impact of aerosols on solar energy production (by both reduction of surface 
solar radiations and wet/dry deposition) are needed in the context of the energy 
transition toward renewable energy sources, especially over the southern 
Mediterranean and islands.

 Study the Impact on Marine Productivity of Surface Solar Irradiance 
Modification Due to Aerosol Dimming

Although estimations of the surface radiative forcing over the Mediterranean Sea 
are scarce at this time, the results presented here clearly display a non-negligible 
surface dimming at different locations. In regard to such surface cooling, it appears 
now crucial to investigate its potential impact in terms of change in regional 
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Mediterranean climate. First, there is a need to better quantify how does the change 
in solar irradiance at the sea/continental surface influence regional water cycles 
through modifications in evaporative, heat fluxes and SST.  Secondly, since the 
reduction in the UV and the visible region is as large as 10% to 20%, effects on ter-
restrial and marine biogeochemical cycles need to be examined. It would be inter-
esting to study how the change in solar irradiance at the sea surface influences the 
carbon cycle and marine biological productivity through photosynthesis changes.

 Design New Field Campaigns Focused on the Characterization of Aerosol 
and Clouds in Different Air Masses by Combining in Situ and Remote 
Sensing Observations for a Better Assessment of the Regional Aerosol 
Indirect Radiative Forcing

More research in terms of both field experiments, laboratory studies, and modelling 
efforts is clearly needed to better understand and quantify the effects of aerosol on 
clouds and the hydrological cycle and predict future evolution of impacts. 
Representation of cloud microphysical processes in climate models is challenging 
because fundamental microphysical details are poorly understood. Although there 
are several parameterizations that correlate the aerosol concentration and the CCN/
INP concentrations as a function of aerosol properties, too many unknowns exist to 
accurately predict the cloud droplet and ice crystal number concentrations. To date, 
in situ observations of the latter in the different cloud regimes over the Mediterranean 
are lacking. Calls for observations of cloud droplet and ice crystal number concen-
trations in the different cloud regimes have already been expressed, requesting to 
provide a more complete assessment of the relationship between CCN/INP concen-
tration and cloud droplet/ice crystal number concentrations. To accomplish this, the 
next generation of field experiments should focus on extended characterization of 
aerosol and enhanced cloud observations (e.g., mixed-phase and ice clouds develop-
ing in different air masses) by combining in situ and remote sensing platforms. 
These observations would be extremely helpful to improve climate models over the 
Mediterranean and better understand the specificities of this region in terms of 
aerosol- cloud interactions. A key issue would be to get more statistically sound 
knowledge about the conditions at cloud level. One or two observation sites at ele-
vations up to 3000 m above sea level in the central Mediterranean could improve 
our database significantly.
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3.7  Further Assess Atmospheric Pollution Impacts in this 
Sensitive Region

 Better Understand the Relationships between Aerosols Properties 
and their Impacts

Modelling the potential impacts of aerosols on atmospheric chemistry requires a 
comprehensive understanding of the pH and aerosol liquid water distributions 
across particle size. Concurrent gas and aerosol size segregated information that 
provides input to thermodynamic modelling can enable the documentation of the 
levels and variability of aerosol pH and aerosol liquid water content, until appropri-
ate operational methods of direct observations of these aerosol properties will 
become available.

Key properties of aerosols that affect the ecosystems are changing during physi-
cochemical aging of aerosols in the atmosphere. There is a need for improving the 
understanding of those processes and for integrating their effects into Earth system 
modelling.

 Integrative Approaches to Take up the Health Challenge 
in a Changing Climate

Reduction of air pollution by limiting the emissions of gases and particles (espe-
cially diesel in cities) is a prerequisite for population’s health protection. There is 
also a need for behavioral changes of individuals that can be guided by using intel-
ligent applications and pollution sensors. New studies accounting for the exposome, 
which is the lifetime sum of all exposures, including air pollution and climate 
change variables, are needed to provide better constraints to the effects of several 
simultaneous prevention measures.

 Encourage Collaboration between Experimental Scientists and Modellers 
from the Atmosphere and Marine Biogeochemistry

Future works dealing with the impact of atmospheric deposition in the Mediterranean 
Sea will improve knowledge only through strong collaboration between experimen-
tal scientists and modellers from the atmosphere and marine biogeochemistry com-
munities. Indeed, an important perspective is to improve the representation of key 
processes included in models. The characterization and quantification of the pro-
cesses that have to be considered (such as bacterial production and the lithogenic 
carbon pump) should be provided by “realistic view experiments” considering the 
fate of the particles, in order to allow their accurate parameterizations. Experiments 
should cover a large spectrum of realistic atmospheric forcing (duration, type (i.e., 
wet and dry), origin, and composition), marine biogeochemical conditions (variety 
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of organic matter, different states of nutrient limitation), and physical oceanic con-
ditions (temperature, pH). The objective is to improve not only the quantification of 
current impacts of atmospheric pollution but also their evolution in the future. A 
great unknown remains concerning future atmospheric deposition of nutrients, both 
those of anthropogenic origin and especially those of Saharan origin. Here again, 
modelling is a necessary tool, and different future scenarios should be simulated.

 Study the Impact of Various Stress Factor and their Combination 
on Terrestrial Vegetation

Understanding of the interaction between the various stress factors, in particular 
climate (temperature, droughts, and other extremes) and air pollution (O3, aerosol, 
CO2), and how these factors combined affect vegetation is critical for the definition 
of actions in order to preserve biodiversity and sustain agricultural production. 
Observatories for long-term monitoring of all compartments of the environment and 
key drivers of climate change and air pollution are essential to understand and eval-
uate the complex impacts of air pollution on vegetation. This need is urgent for the 
Mediterranean region due to its susceptibility to various stresses induced either by 
climate change or air pollution or by other expressions of human activities footprint 
on the environment.

References

Beekmann, M. (Coord.) (2022). Recent progress on chemical processes. In F.  Dulac, 
S.  Sauvage, & E.  Hamonou (Eds.), Atmospheric chemistry in the Mediterranean Region 
(Vol. 2, From air pollutant sources to impacts, Part VI). Springer, this volume. https://doi.
org/10.1007/978-3-030-82385-6

Bressac, M., Wagener, T., Leblond, N., Tovar-Sánchez, A., Ridame, C., Taillandier, V., Albani, 
S., Guasco, S., Dufour, A., Jacquet, S. H. M., Dulac, F., Desboeufs, K., and Guieu, C. (2021). 
Subsurface iron accumulation and rapid aluminum removal in the Mediterranean fol-
lowing African dust deposition. Biogeosciences, 18, 6435–6453. https://doi.org/10.5194/
bg-18-6435-2021

Dayan, U. (2023). Synoptic and dynamic conditions affecting pollutant concentrations over the 
Mediterranean basin. In F. Dulac, S. Sauvage, & E. Hamonou, (Eds.), Atmospheric chemistry 
in the mediterranean Region (Vol. 1, Context and pollutant distribution, Part II). Springer.

Desboeufs, K. (Coord.) (2022). Deposition. In F.  Dulac, S.  Sauvage, & E.  Hamonou (Eds.), 
Atmospheric chemistry in the Mediterranean Region (Vol. 2, From air pollutant sources to 
impacts, Part VIII). Springer, this volume. https://doi.org/10.1007/978- 3- 030- 82385- 6

Dulac, F. (Coord.) (2023). The Mediterranean atmospheric chemistry hotspot. In F.  Dulac, 
S.  Sauvage, & E.  Hamonou (Eds.), Atmospheric chemistry in the Mediterranean Region 
(Vol. 1, Context and pollutant distribution, Part I). Springer.

Dulac, F., Sauvage, S., & Hamonou, E. (2022). Atmospheric chemistry in the Mediterranean 
Region (Vol. 2, From air pollutants sources to impacts). Springer, this volume. https://doi.
org/10.1007/978- 3- 030- 82385- 6

F. Dulac et al.

https://doi.org/10.1007/978-3-030-82385-6
https://doi.org/10.1007/978-3-030-82385-6
https://doi.org/10.1007/978-3-030-82385-6


571

Dulac, F., Sauvage, S., & Hamonou, E. (2023). Atmospheric chemistry in the Mediterranean 
Region (Vol.1, Context and pollutant distribution). Springer.

Formenti, P. (Coord.) (2022). Mediterranean aerosol properties. In F.  Dulac, S.  Sauvage, 
& E.  Hamonou (Eds.), Atmospheric chemistry in the Mediterranean Region (Vol. 2, 
From air pollutant sources to impacts, Part VII). Springer, this volume. https://doi.
org/10.1007/978- 3- 030- 82385- 6

Guieu, C., D'Ortenzio, F., Dulac, F., Taillandier, V., Doglioli, A., Petrenko, A., Barrillon, S., 
Mallet, M., Nabat, P., & Desboeufs, K. (2020). Introduction: Process studies at the air–sea 
interface after atmospheric deposition in the Mediterranean Sea – Objectives and strategy of 
the PEACETIME oceanographic campaign (May–June 2017). Biogeosciences, 17, 5563–5585. 
https://doi.org/10.5194/bg- 17- 5563- 2020

Kanakidou, M. (Coord.) (2022a). Impact of air pollution on precipitation chemistry and climate. 
In F. Dulac, S. Sauvage, & E. Hamonou (Eds.), Atmospheric chemistry in the Mediterranean 
Region (Vol. 2, From air pollutant sources to impacts, Part IX). Springer, this volume. https://
doi.org/10.1007/978- 3- 030- 82385- 6

Kanakidou, M. (Coord.) (2022b). Impact of air pollution on human health and ecosystems. In 
F. Dulac, S. Sauvage, & E. Hamonou (Eds.), Atmospheric Chemistry in the Mediterranean 
Region (Vol. 2, From air pollutant sources to impacts, Part X) Springer, this volume. https://
doi.org/10.1007/978- 3- 030- 82385- 6

Mihalopoulos, N. (Coord.) (2023a). Aerosol concentrations and variability. In F. Dulac, S. Sauvage, 
& E. Hamonou (Eds.), Atmospheric Chemistry in the Mediterranean Region (Vol. 1, Context 
and pollutant distribution, Part III). Springer.

Mihalopoulos, N. (Coord.) (2023b). Reactive gas concentrations and variability. In F.  Dulac, 
S.  Sauvage, & E.  Hamonou (Eds.), Atmospheric chemistry in the Mediterranean Region 
(Vol. 1, Context and pollutant distribution, Part IV). Springer.

Sartelet, K. (2022). Secondary aerosol formation and their modeling. In F. Dulac, S. Sauvage, & 
E. Hamonou (Eds.), Atmospheric chemistry in the Mediterranean Region (Vol. 2, From air pollut-
ant sources to impacts). Springer, this volume. https://doi.org/10.1007/978- 3- 030- 82385- 6_10

Sauvage, S. (Coord.) (2022). Emissions and sources. In F.  Dulac, S.  Sauvage, & E.  Hamonou 
(Eds.), Atmospheric chemistry in the Mediterranean Region (Vol. 2, From air pollutant sources 
to impacts, part V). Springer, this volume. https://doi.org/10.1007/978- 3- 030- 82385- 6

Summary of Recent Progress and Recommendations for Future Research Regarding Air…

https://doi.org/10.1007/978-3-030-82385-6
https://doi.org/10.1007/978-3-030-82385-6
https://doi.org/10.5194/bg-17-5563-2020
https://doi.org/10.1007/978-3-030-82385-6
https://doi.org/10.1007/978-3-030-82385-6
https://doi.org/10.1007/978-3-030-82385-6
https://doi.org/10.1007/978-3-030-82385-6
https://doi.org/10.1007/978-3-030-82385-6


573

 Appendix

 Maps of ChArMEx and Related Observations 
in the Mediterranean

The following full-page Google Earth-based maps provide an overview of the loca-
tion of ChArMEx (the Chemistry-Aerosol Mediterranean Experiment)  and 
ChArMEx-related observations in the Mediterranean region over the period 2010–
July 2020, hereafter referred to as the “ChArMEx decade”. ChArMEx data are 
available from a dedicated database (https://mistrals.sedoo.fr/ChArMEx/). Note 
that some early measurements started in 2008 in Corsica as part of the preparatory 
phase of ChArMEx and that earlier measurements such as AERONET maritime 
measurements at sea, which started in 2007 in the Mediterranean, are also reported 
for providing an extensive view of available data in the region. The five main 
ChArMEx intensive field campaigns performed with airborne means in summers 
2012, 2013, and 2014 at the regional scale are called Special Observation Periods 
(SOPs). Those figures are an annex to the introduction chapter of Vol. 1 of this book 
and should be referred to as Dulac et al. (2023). They include:
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Fig. A1 Google Earth map of the AERONET sun and sky automated photometers operated in the 
Mediterranean region for more than two years during the ChArMEx decade. Those set up in the 
framework of ChArMEx are in yellow and underlined. Markers of those no more operated in July 
2020 include a black diamond. Data from http://aeronet.gsfc.nasa.gov
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Fig. A2 Google Earth map of the AERONET sun and sky automated photometers operated in the 
Mediterranean during the period January 2010-July 2020 for less than 2 years. Stations in yellow 
and underlined are those set up in the framework of ChArMEx. Some of these sites have been set 
up at the end of the ChArMEx period (08/2018-12/2019) and are still operated in July 2020 (blue 
pins) while the others were only set-up for short periods (blue pins with a black diamond). Data 
from http://aeronet.gsfc.nasa.gov



Fig. A3 Google Earth map of the AERONET/MAN shipborne photometric aerosol optical depth 
measurements (level 1.5 daily average values) in the Mediterranean and adjacent marine areas. The 
period covered extends from 21 April 2007 to 3 June 2019 (no campaign from mid-2019 to 
mid-2020). Some 2007-2009 markers are masked by more recent data in the main map. The top 
central insert is a zoom on the northwestern Black Sea, and the bottom left one, on the Ligurian 
Sea. Data from https://aeronet.gsfc.nasa.gov/new_web/maritime_aerosol_network.html
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Fig. A4 Google Earth map of the ACTRIS/EARLINET lidar systems operated during the 
ChArMEx period (2010-2020). In July 2020, the EARLINET network in the Mediterranean region 
includes 16 active (A, yellow markers), 5 joining (J, pink markers), 2 non permanent (NP, red 
markers) and 4 not active (NA, black markers/white labels) stations with measurements provided 
during part of the period. Data from https://www.earlinet.org
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Fig. A5a Network of ChArMEx monitoring stations for the characterization of aerosols from 
multi-year observations at remote marine sites of the Mediterranean. Yellow starred markers rep-
resent aerosol stations specifically operated in the framework of the ChArMEx enhanced observa-
tion periods (EOPs). White markers represent other aerosol stations running during the ChArMEx 
decade. AC: aerosol chemistry; AP: aerosol physics; AO: aerosol optical parameters; GP: gaseous 
precursors; AQM: air quality measurements; DP: atmospheric deposition (see also Fig. A6 for 
more information on the deposition network)
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Fig. A5b Map of the ChArMEx Enhanced Observation Periods (EOPs) of at least 1-yr long moni-
toring that took place in different Mediterranean megapoles in order to investigate emissions, pol-
lutant variability, and chemical processes
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Fig. A6 Mediterranean stations for assessing soil dust or major aerosol chemical constituents in 
total (t), wet (w) or dry (d) atmospheric deposition. Orange pins with a "C" inside indicate 
CARAGA samplers (Laurent et al., 2015), and blue pins, two rain events collected at sea during 
the PEACETIME cruise (Desboeufs et al., 2022). The two inserts show a zoom on Mallorca (bot-
tom left) and Marseille (top right)
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Fig. A7 Google Earth map of CNES drifting balloon (BLPB) trajectories with ozone or aerosol 
objectives (full or circled discs at end of flight, respectively) during ChArMEx special observation 
periods (SOPs). Three campaigns were performed in summer 2012 (from Martigues, France) and 
2013 (from Minorca Isl;, Spain, and Levant Isl., France). Ceiling altitudes ranged between 0.2 and 
3.3 km. Sounding balloons (SB) launched from the three sites up to the lower stratosphere (≤36 
km) are also listed (trajectories not shown). See Gheusi et  al. (2016) for ozone balloons, and 
Renard et al. (2018) for dust
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Fig. A8 Google Earth map of the surface (white disks) and airborne (black lines: drifting bal-
loons; orange: ATR-42; yellow: ultralight aircraft) field observations during the ChArMEx pre- 
campaign in summer 2012 (Special Observation Period 0). Top right insert is a zoom on the 
ZéroCO2 sailing boat cruise off Marseille and bottom right insert, on a typical ultralight flight from 
Ghisonaccia airfield
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Fig. A9 Google Earth map of the surface lidar systems operated during the ChArMEx pre-cam-
paign TRAQA in summer 2012 (Special Observation Period 0 or SOP-0), including ten ACTRIS/
EARLINET lidar systems (E, green and yellow pins) and an additional ChArMEx lidar (L, white 
pin). At most areas, the lidar was co-located with an AERONET sun-photometer (A, black star inside 
the pin), at the exception of 3 areas (yellow pins). In particular, the EARLINET lidars were operated 
continuously for 72 h on 9–12 July in view of a model assimilation exercise (Wang et al., 2014)



Fig. A10 Google Earth map of the surface (white dots) and airborne (colored trajectories) field 
observations deployment during the ChArMEx June-early July 2013 ADRIMED campaign 
(Special Observation Period 1a). CNES drifting balloon flights were flown with ozone (full discs) 
or aerosol (circled discs) objectives. Top insert is a zoom on three closed sites situated on the 
northern tip of Corsica Isl., and bottom right insert, a zoom with a typical ultralight aircraft flight 
(yellow line) from Malta airport with a vertical profile over the Gozo Isl. An overview of the cam-
paign is given by Mallet et al. (2016)



Fig. A11 Google Earth map of PHOTONS/AERONET sun photometers (A; blue markers/black 
diamond) and ACTRIS/EARLINET lidars (E; yellow markers/black square) operated in the west-
ern Mediterranean during the ChArMEx/ADRIMED summer campaign (Special Observation 
Period 1a or SOP-1a, 13 June–05 July 2013). At four AERONET stations, an ACTRIS/EARLINET 
lidar was located near an AERONET sun-photometer (A+E; green markers/black star). At three 
others, a lidar was especially deployed for the field campaign (L+A, blue markers/white diamond). 
Lidars at Naples, Serra La Nave, Potenza, and Lecce were only operated on 22–24 June 2013



Fig. A12 Google Earth map of the field observations during the ChArMEx summer 2013 
SAFMED campaign (Special Observation Period 1b). White disks: surface stations of Ersa 
(Corsica Isl.) and Es Pinar (Mallorca Isl.). Yellow lines: sailboat cruise in the Ligurian Sea (also in 
the centre left embedded zoom). White line in bottom left embedded zoom: ferry cruise. Turquoise 
lines: drifting balloon flights from Levant Isl., with ozone (full discs) or aerosol (circled discs) 
objectives. Orange lines: aircraft flights from Genova flights from Levant Isl., with ozone (full 
discs) or aerosol (circled discs) objectives. Orange lines: aircraft flights from Genova
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Fig. A13 Google Earth map of the surface (white disks) and airborne (colored lines) field observa-
tions during the ChArMEx summer 2014 SAFMED+ campaign (Special Observation Period 2a)
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Fig. A14 Google Earth map of the surface (white disks) and airborne (colored lines) field observa-
tions deployment during the ChArMEx summer 2014 GLAM campaign (Special Observation 
Period 2b) (top right: embedded zoom on Cyprus Island). An overview of the campaign is given by 
Ricaud et al. (2018)
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Fig. A15 Google Earth map of the ChArMEx transects across the Mediterranean,  including a 
Falcon transect in the mid and upper troposphere with intermediate column profiles (GLAM cam-
paign; Ricaud et al., 2018), a sailboat transect with aerosol optical depth measurements (PLATON 
campaign; https://aeronet.gsfc.nasa.gov/new_web/cruises_new/Platon_15.html),  and an oceano-
graphic cruise to study the air sea interface, with 11 short stations and 3 long stations for experi-
menting dust deposition effects (PEACETIME campaign; Guieu et al., 2020)
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Fig. A16 Google Earth map of ChArMEx-related local campaignsto investigate selected pro-
cesses and/or specific Mediterranean environments. Bottom left: embedded zooms on the Strait of 
Gibraltar (with a ULA airfield; Chazette, 2020) and Cyprus Island (with a UAV airfield; Calmer 
et al., 2019) highlight airborne observations
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