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produced by DC overlaps with rainfall produced by WCBs 
but this represents only about 8% of rainfall produced by 
WCBs. This suggests that a considerable percentage of DC 
is associated with embedded convection in WCBs. Finally, 
DC was found to be able to produce higher rain rates than 
WCBs, exceeding 50 mm in 3-h accumulated rainfall com-
pared to a maximum of the order of 40 mm for WCBs. Our 
results demonstrate in a climatological framework the rela-
tionship between cyclone intensity and processes that lead 
to heavy rainfall, one of the most prominent environmental 
risks in the Mediterranean. Therefore, we set perspectives 
for a deeper analysis of the favourable atmospheric condi-
tions that yield high impact weather.

1 Introduction

Mediterranean cyclones are associated with upper-trop-
ospheric precursors, such as wave breaking, cut-offs and 
troughs, and typically tend to develop within a baroclinic 
environment (Fita et al. 2006; Campins et al. 2006; Homar 
et  al. 2007; Grams et  al. 2011; Flaounas et  al. 2015). In 
fact, Mediterranean cyclones may be considered as a dis-
tinct class of extra-tropical cyclones. In contrast to other 
cyclones that develop over oceans, they form within a rela-
tively small region, surrounded by high mountains, where 
even the most intense systems are expected to have com-
parably smaller size, weaker intensity and shorter lifetime 
(Trigo 2006; Čampa and Wernli 2012). Despite being con-
sidered as relatively weak systems, Mediterranean cyclones 
figure among the most prominent environmental risks of 
the region (Llasat-Botija et  al. 2007). Related risks are 
associated with heavy rainfall, wind storms, hailstorms, 
wind surges etc. Such events are found in the vicinity of 
the cyclones’ centres affecting several areas within their 
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fall averages for cyclone intensity bins, a linear relation-
ship was found. We focus on the 500 most intense tracked 
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Mediterranean rainfall) and distinguish between the ones 
producing high and low rainfall amounts. DC and the WCB 
are found to be the main cause of rainfall for the former 
(producing up to 70% of cyclone rainfall), while, for the 
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passage (Jansa et al. 2001; Nissen et al. 2010; Raveh-Rubin 
and Wernli 2015).

In this study, we focus on Mediterranean cyclones 
that produce heavy rainfall. Several previous case studies 
have highlighted the relationship between Mediterranean 
cyclones and high impact weather: associated rainfall has 
been reported to exceed 100 mm (e.g. Lagouvardos et  al. 
1996, 2007; Kotroni et  al. 1999; Romero 2001; Lionello 
et al. 2006; Davolio et al. 2009; Miglietta et al. 2013). In 
a climatological framework, few studies have been devoted 
to quantifying the contribution of Mediterranean cyclones 
to the total regional rainfall. Nevertheless, estimations 
show an average contribution that may exceed 70%, espe-
cially in winter (Hawcroft et  al. 2012; Pfahl and Wernli 
2012; Flaounas et al. 2016a). In particular for heavy rain-
fall and extremes, Jansa et  al. (2001) used ground obser-
vations along the west Mediterranean coasts to show that 
more than 90% of cases of daily rainfall exceeding 60 mm 
are related to cyclones. More recently, Pfahl et  al. (2014) 
and Flaounas et  al. (2016a) analysed climatological data-
sets from reanalysis data and models and found that about 
60–95% of rainfall extremes, depending on the area, are 
related to Mediterranean cyclones.

In several studies, deep convection (DC) and the warm 
conveyor belt (WCB) have been highlighted as the main 
mechanisms for producing heavy rainfall in cyclonic sys-
tems (Claud et al. 2010, 2012; Pfahl et al. 2014; Flaounas 
et al. 2016b). DC refers to strong updraughts of air masses 
within clouds, while the WCB refers to fast ascending air 
masses that rise slantwise over the extra-tropical cyclone’s 
warm front. The relative contribution of these processes to 
cyclone-produced rainfall in the Mediterranean is, however, 
still unclear. Claud et al. (2012) used diagnostics based on 
satellite observations to show that the areas of frequent 
DC overlap with the regions of high cyclone track density. 
Their DC diagnostics were associated with rain rates of 
more than 20 mm per 3 h (Funatsu et al. 2007), suggesting 
that DC significantly contributes to heavy rainfall in Medi-
terranean cyclones. The important role of DC in produc-
ing heavy rainfall in cyclones has also been highlighted in 
several case studies (e.g. Lagouvardos and Kotroni 2007; 
Claud et  al. 2010; McTaggart-Cowan et  al. 2010; Migli-
etta et al. 2013). Concerning WCBs, Ziv et al. (2010) and 
Flaounas et  al. (2015) analysed Mediterranean cyclones 
WCBs and discussed that these WCBs are typically poorer 
in water content than the ones that rise over oceans. This 
is due to the relatively small surface area of the Mediter-
ranean Sea which limits the ability of air masses to draw 
water by evaporation before their ascent. Nevertheless, 
Pfahl et al. (2014) used reanalysis data to show that WCBs 
are responsible for about half of the total Mediterranean 
rainfall extremes.

Both DC and the WCB may significantly contribute to 
cyclone heavy rainfall, while it is not uncommon that DC is 
embedded in WCBs. For instance, Martínez-Alvarado et al. 
(2014) analysed the dichotomous cyclonic and anticyclonic 
branches of the WCB of a cyclone case that occurred over 
the North Atlantic. In their analysis, only the anticyclonic 
branch was associated with embedded convection. More 
recently, Rasp et al. (2016) showed in two case studies that 
the ascent of air masses in WCBs could be either associated 
with embedded convection or with “non-convective” slant-
wise ascent. Flaounas et al. (2016b) recently analysed two 
deep cyclones that developed in the western Mediterranean. 
Both cyclones presented similar sea level pressure at their 
centre (about 985  hPa) and similar rainfall accumulations 
in the western Mediterranean (ground stations measured a 
maximum rainfall accumulation of approximately 180 mm 
due to each cyclone). The use of airborne radar observa-
tions and operational analysis showed that DC was present 
only in one of the two cyclones (alongside a WCB), while, 
in the other cyclone, almost all heavy rainfall was due to 
its WCB. Consequently, two intense cyclones that had simi-
lar area, pressure depth and time period of occurrence had 
different dynamical and thermodynamical mechanisms for 
producing heavy rainfall. In fact, DC and WCBs in Medi-
terranean cyclones may present a high variability from 
case to case. Raveh-Rubin and Wernli (2016) analysed five 
high-impact Mediterranean cyclones and showed that all of 
them produced rainfall due to WCBs. However, convective 
rainfall was produced in the core of four cyclones and at 
the cold front of two. In a climatological framework, Gala-
naki et  al. (2016) used lightning observations to address 
the issue of DC in cyclone cores. Their results suggest that 
about one-third of intense cyclones may develop DC close 
to their centre, while, in the other two-thirds, no lightning 
was observed at all. The frequency of occurrence and the 
contribution of DC and WCBs to rainfall in Mediterranean 
cyclones is thus still an open question.

To better understand high-impact weather in Mediter-
ranean cyclones and especially their capacity to produce 
heavy rainfall, we need to gain deeper insight into the rel-
evant cyclone processes. In this article, we analyse DC and 
the WCB as leading processes for producing heavy rain-
fall in Mediterranean cyclones. The application of a novel 
approach permits the quantification of the relationship 
between cyclones intensity, rainfall, DC and WCB in a cli-
matological framework, enabling us to address the follow-
ing questions:

1. How are the intensity and rainfall of Mediterranean 
cyclones related?

2. What is the relative contribution of DC and the WCB 
to rainfall in these cyclones?
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3. What is the spatial and temporal variability of DC and 
the WCB relative to cyclone centres and life cycles?

The rest of the paper is organised as follows: the next 
section describes in detail the datasets we used, as well 
as our methodological approach. Results are presented 
in Sects.  3 and 4, while Sect.  5 contains our concluding 
remarks.

2  Datasets and methodology

2.1  Reanalysis, cyclone tracking and observations

All atmospheric fields in this study have been extracted 
from the ERA-Interim (ERAI) reanalysis of the European 
Centre for Medium-Range Weather Forecasts (ECMWF; 
Dee et al. 2011), available every 6 h (at 0000, 0600, 1200 
and 1800 UTC) and interpolated to a standard 0.25° × 0.25° 
grid in longitude and latitude.

Mediterranean cyclones have been tracked for the 
11-year period of 2005–2015, applying the method of 
Flaounas et  al. (2014) to the fields of relative vorticity at 
the atmospheric pressure level of 850 hPa. Cyclone track-
ing has been performed in two steps. First, relative vorti-
city has been smoothed in each 6-h time step of ERAI by 
applying three times a spatial moving average of 1.25 deg² 
(i.e., fields have been smoothed using a spatial window of 
5 × 5 grid points). Cyclone centres were identified as local 
maxima of relative vorticity of at least 3 × 10−5  s−1. Sec-
ond, tracks have been defined by connecting cyclone cen-
tres in consecutive time steps. To define tracks, the tracking 

algorithm starts from the most intense cyclone identified 
(i.e. the one with maximum relative vorticity) and searches 
backward and forward in time for all of its possible tracks. 
Cyclone centres are connected in consecutive time steps 
if they are located within an area of 5° × 3° in longitude 
and latitude. Of all possible cyclone tracks, the algorithm 
retains the one that presents the least average difference 
in relative vorticity between consecutive track points, 
weighted by the distance between the track points. This 
method has been recently assessed, along with five other 
methods, in Flaounas et  al. (2017) using both ERAI and 
regional climate models. Compared to the other methods, 
the method of Flaounas et al. (2014) does not use strict cri-
teria to define cyclones and thus a large number of weak 
cyclone tracks may be identified. However, when com-
paring the Flaounas et al. (2014) results to those from the 
other methods in the reproduction of the climatology of 
intense Mediterranean cyclones, the method by Flaounas 
et  al. (2014) provides realistic results consistently captur-
ing the cyclones’ seasonal cycle and their spatial variability 
of occurrence. Further assessment of the tracking method 
of Flaounas et al. (2014) along with other methods may be 
also found in Rudeva et  al. (2014), Lionello et  al. (2016) 
and Pinto et al. (2016).

In this study we retained only cyclones that last at least 
24 h (i.e. that have at least five track points) and have their 
mature stage located within 5°W–40°E and 30°N–46°N, 
excluding cyclone tracks occurring over the Atlantic Ocean 
(i.e. all cyclones occurring west of 2.5°E and north of 
43°N) and over the Black Sea (i.e. all cyclones occurring 
east of 27°E and north of 41°N). These criteria resulted in a 
cyclone climatology composed of 7091 cyclones. Figure 1 

Fig. 1  Topography of the Mediterranean basin. Cyclone tracks have been retained if their mature stage is located within the area outlined by the 
black lines 
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shows the Mediterranean region topography and the area 
where cyclone tracking has been applied.

To associate cyclones with rainfall, we used estimates 
provided by the Tropical Rainfall Measuring Mission 
(TRMM) 3B42 algorithm. In addition to TRMM data, this 
algorithm takes into account observations from other satel-
lite platforms and provides estimations of rainfall accumu-
lations in 3-h time steps (at 0000, 0300, 0600, 0900, 1200, 
1500, 1800 and 2100 UTC). The estimations are available 
on a regular grid of 0.25° × 0.25° in longitude and latitude 
(Huffman et  al. 2007; Romilly and Gebremichael 2011). 
Rainfall rates are representative of a time range of ±1.5 h, 
centred on the 3-h time steps.

Lightning data were provided by the very low fre-
quency lightning detection network ZEUS, operated by the 
National Observatory of Athens (Kotroni and Lagouvar-
dos 2008, 2016). ZEUS provides real-time data since 2005 
(http://www.thunderstorm24.com).

Passive microwave radiometers are able to detect atmos-
pheric cloud ice due to the strong scattering of radiation 
by ice crystals, especially at frequencies around the water 
vapour absorption line (183.3 GHz). Instruments that probe 
around the water vapour absorption line tend to be mainly 
sensitive to ice in the mid to high troposphere. Since heavy 
loading of ice in the mid to high troposphere is a charac-
teristic signature of convective activity, Hong et al. (2005) 
developed a diagnostic to detect DC using AMSU-B 
(Advanced Microwave Sounding Unit-B) measurements 
frequencies: the diagnostic has since been assessed in the 
Mediterranean by Funatsu et al. (2007) and Rysman et al. 
(2015). To get the most comprehensive overview of deep 
convection in the Mediterranean, we used passive micro-
wave radiometers available during the 2005–2015 period. 
Observations have been taken from the AMSU-B instru-
ments on-board the National Oceanic and Atmospheric 
Administration (NOAA) satellites 15–17, the Microwave 
Humidity Sounder (MHS) on-board the European Opera-
tional Meteorological satellite A and B, the Special Sen-
sor Microwave Imager/Sounder (SSMIS) on-board the 
Defense Meteorological Satellite Program—F16-18 and 
the Advanced Technology Microwave Sounder (ATMS) 
on-board the Suomi National Polar-orbiting Partnership. 
All these instruments probe around the water absorption 
line with frequencies very similar to AMSU-B. Each DC 
event detected by the passive microwave sounders has been 
summed up on a 0.2° × 0.2° grid every 3 h.

Finally, cyclone WCBs were identified using the air 
mass trajectory model LAGRANTO (v2.0; Sprenger and 
Wernli 2015). After calculating all cyclone tracks, LAG-
RANTO was applied to the ERAI fields by calculating 
all 48-h air mass trajectories that start at the location of 
a horizontal regular grid separated by 0.5° (ranging from 
−15°W to 45°E and from 25°N to 50°N) and at each of the 

20 equidistant pressure levels from the surface to 800 hPa. 
Forward trajectories were initiated every 6  h (i.e. at the 
ERAI time steps) at least 2 days prior to the time of each 
cyclone first track point and until the time of each cyclone 
final track point. In this study we retained as WCBs only 
the air mass trajectories that rise for more than 500  hPa 
in 48 h. To analyse WCBs in a climatological framework 
within both hemispheres, Madonna et al. (2014) applied an 
ascent threshold of 600  hPa. However, sensitivity tests in 
previous studies showed that such a threshold was rather 
strict for the Mediterranean cyclones, yielding WCBs com-
posed of “few” air mass trajectories (Flaounas et al. 2015, 
2016b). An ascent speed of 500 hPa in 48 h is expected to 
capture the core of the WCB airstream; a lower threshold 
would result in more air mass trajectories composing the 
WCB, but risk capturing large-scale air mass ascendancies 
that might not correspond to a WCB.

2.2  Quantification of cyclone rainfall

To analyse the cyclones’ rainfall, first we need to extract 
the rainfall fields that correspond to each cyclone track 
point. To cope with the inconsistent number of time steps 
between 3B42 estimates (available every 3 h) and cyclone 
track points (available every 6 h), the latter have been tem-
porally interpolated to the missing 3-h time steps of the 
3B42 estimates (i.e. 0300, 0900, 1500 and 2100 UTC). 
Attribution of rainfall to cyclones has been previously 
addressed by several studies (e.g. Hawcroft et  al. 2012; 
Papritz et  al. 2014; Flaounas et  al. 2016a); in this study, 
we follow a similar method to Papritz et al. (2014). First, 
for each 3-h time step, we distinguish all non-zero rainfall 
grid points and group together the ones that are spatially 
connected. This permits identification and labelling of all 
different spatial structures of rainfall in a given time step. 
Second, we attribute to a cyclone track point any rainfall 
spatial structure that is located no further than 2.5° away. 
Figure  2a, b provide an example of our methodology 
applied to the mature stage (i.e. track point of maximum 
relative vorticity) of two intense cyclones that occurred 
in December 2005 (Fita et  al. 2007) and September 2006 
(Chaboureau et al. 2012), respectively. For both cyclones, 
their spatially-continuous rainfall fields extend to locations 
distant from the cyclone centres (black contour in Fig. 2a, 
b), but are partly collocated with an area with a radius of 
2.5° (black ellipse in Fig. 2a, b).

The extraction of cyclone-related rainfall has been per-
formed for all of the tracked cyclones during the whole 
period 2005–2015 (i.e. for 7091 cyclones). To determine 
a metric that allows cyclone classification according to 
the magnitude of produced rainfall, we first calculated the 
accumulated rainfall around the cyclone centres during the 
whole life-time of each cyclone. As an example, Fig. 2c, d 

http://www.thunderstorm24.com
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show the total life-time accumulated rainfall in a cyclone-
centre relative grid for the two cyclone tracks in Fig. 2a, b, 
respectively. Our rainfall metric is defined as the 95th per-
centile of the total accumulated rainfall calculated over all 
grid points that received precipitation, as shown in Fig. 2c, 
d. Different rainfall metrics have been also tested, such 
as the maximum 3-h rainfall of a cyclone and the average 
of the cyclone’s accumulated rainfall fields. However, we 
found the one applied here is most representative for deter-
mining heavy rainfall during the whole cyclone life-cycle.

Figure  3a shows the relationship between maximum 
intensity and the rainfall metric for all 7091 cyclones. The 
cloud-shaped scatterplot suggests that there is no obvious 
mathematical relationship between the two cyclone proper-
ties. This conclusion is also valid if we only consider the 

most intense cyclones or the weakest ones and is consist-
ent with Pfahl and Wernli (2012) who showed that there is 
no apparent relationship between their cyclone track prop-
erties (such as intensity or displacement speed) and their 
produced extreme rainfall. However, in Fig. 3a the box and 
whiskers plot of rainfall metric against intensity per bin of 
width 2 × 10−5  s−1 shows that the medians present a clear 
linear relation with a correlation coefficient of 0.99 (black 
dashed line in Fig. 3a). Nevertheless, the extent of the dis-
tribution outliers in Fig. 3a also shows that, regardless their 
intensity, cyclones present a rather large variability in rain-
fall metric. Especially when considering weaker cyclones, 
this may be partly due to uncertainties in the extracted rain-
fall field. For instance, if a weak cyclonic feature and an 
intense cyclone are located close to each other, then they 

Fig. 2  a 3-h accumulated 
rainfall (in colour) at the time 
of an intense cyclone maximum 
intensity, at 0000 UTC on 14 
December 2005. Black line 
depicts the cyclone’s trajec-
tory and black circle depicts 
a 2.5° area around its centre. 
Black contour outlines the 
rainfall field associated with the 
cyclone. b As in a but for the 
cyclone’s maximum intensity 
occurring at 1200 UTC on 26 
September 2006. c, d Total 
accumulated rainfall with 
respect to the cyclone’s centre 
in a and b, respectively. e, f 
Cyclone-related 3-h accumu-
lated rainfall (in colour), as 
outlined by the black contour in 
a and b, respectively. Blue dots, 
red crosses and green circles 
depict rainfall grid points 
related to WCBs, lightning 
impacts and AMSU-diagnosed 
DC, respectively
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may share the same rainfall field. An example of such case 
was observed during the mature stage of the cyclone in 
Fig.  2b where rainfall over the Tyrrhenian sea was collo-
cated with a weaker low pressure system (Moscatello et al. 
2008). On the other hand, large variability of rainfall met-
ric in weak cyclones may be also due to strong convective 
cells if, e.g., tracked mesoscale vortices are formed within 
mesoscale convective systems (Houze 2004). To determine 
the correlation between cyclones’ intensity and rainfall, a 
different approach was also performed (not shown). Fol-
lowing the results of Pfahl and Sprenger (2016), cyclone 
maximum intensity was first scaled using the total column 
water vapour, averaged within 500  km from the cyclones 
centre and from the time of cyclogenesis until the cyclone’s 
mature stage. Scaled intensities were finally compared 
to rainfall averages occurring since cyclogenesis close 
to cyclone’s centre. In contrast to the findings of Pfahl 
and Sprenger (2016) for extratropical cyclones, we found 
no significant correlation scores for the Mediterranean 
cyclones. A plausible explanation might reside in the sharp 
sea-land transitions, where the influence of geographical 
elements might perturb total column water vapour and rain-
fall, as well as in the specificity of Mediterranean cyclones, 
where convection is not common in cyclone’s centre. 
Indeed, Galanaki et  al. (2016) showed that only one-third 
of intense Mediterranean cyclones might present light-
ning activity close to their centre. Therefore, one could not 
expect for the total of Mediterranean cyclones that convec-
tion would be related to cyclones’ intensification through 
the release of latent heat and increased rainfall due to high 
water vapour content in the atmosphere.

In this study, we focus only on large cyclones cor-
responding to large-to-meso scale vortices, assuming 
these are most related to high-impact weather. For this 
reason, we limit our analysis to the 500 most intense 
cyclones (corresponding to the red and blue dots in 
Fig. 3a). Choosing the 500 most intense cyclones (about 
45 cyclones per year) is consistent with the number of 
intense cyclones as defined by Homar et  al. (2007), and 
also permits a robust statistical analysis of cyclone-
related rainfall processes. These cyclones have maximum 
relative vorticity exceeding 16.5 × 10−5  s−1, while their 
rainfall metric ranges from 0 to 180 mm. Figure 3b shows 
the probability distribution function of the 500 cyclones’ 
rainfall metric. The distribution has a median value of 
about 45  mm, 24 cyclones had no rainfall at all and 12 
yielded a rainfall metric exceeding 105  mm. To better 
understand the variability of the processes that lead to 
heavy rainfall, we focus our study on the 250 cyclones 
with the highest rainfall metric (corresponding to the blue 
dots and blue area in Fig. 3a, b, respectively) and eventu-
ally compare them to the 250 cyclones with lowest rain-
fall metric (corresponding to the red dots and red area in 
Fig. 3a, b, respectively). Hereafter, we make the assump-
tion that cyclones producing heavy rainfall correspond to 
the ones with high rainfall metrics and conveniently will 
refer to the two cyclone groups as those producing high 
and low rainfall.

Fig. 3  a Scatterplot relating all tracked cyclones rainfall metric (95th 
quantile of the total life time accumulated rainfall field grid points) 
with their maximum intensity (in dots). Out of the 500 most intense 
cyclones, Blue dots (Red dots) correspond to the 250 cyclones pre-
senting most (least) rainfall. Boxplots denote the distributions of rain-
fall metric per bin of intensity (bins width is equal to 2 × 10−5  s−1). 

Whiskers denote the 5th and 95th quantile. Dashed line shows the lin-
ear regression of the distributions’ median. b Probability distribution 
function of rainfall metric for the 500 most intense cyclones. Red and 
Blue areas correspond to the distribution of cyclones depicted by red 
and blue dots in a. The areas are divided by the distribution’s median 
(dashed line at 45 mm)
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2.3  Quantification of the cyclones’ WCBs and DC 
contribution to rainfall

To quantify the relative contribution of DC and WCB to 
cyclone total rainfall, we apply the following methodology 
to each of the 500 most intense cyclones:

a) For DC, we use lightning observations and AMSU-
based diagnostics. Lightning is directly observed by 
ZEUS, while AMSU diagnostics correspond to post-
processing of satellite measurements. In fact, neither 
corresponds to a direct measurement of cloud proper-
ties or dynamics, but both are related to cloud ice con-
tent, suggesting the development of DC. The AMSU 
diagnostic has been previously shown to be related to 
heavy rainfall (Funatsu et al. 2007), but has a limited 
temporal and spatial coverage of the Mediterranean 
region since its coverage depends on satellite over-
passes. On the other hand, lightning observations offer 
an advantage in being spatially accurate and tempo-
rally continuous, but the relation of lightning impacts 
to DC and heavy rainfall is a rather complex issue (e.g. 
Avila et al. 2010). To associate the 3-h extracted rain-
fall fields to DC we treat lightning observations and 
AMSU diagnostics separately. Specifically, we asso-
ciate the locations of all lightning impacts or AMSU 
diagnosed DC to the closest extracted rainfall grid 
point if the observations take place within a period of 
±1.5 h of the time of the cyclone track point (or equiv-
alently, within the representative time window of rain-
fall estimates from the 3B42 algorithm).

b) For WCBs, we assume that the extracted rainfall grids 
from the 3B42 algorithm (available every 3 h) are due 
to a WCB if these grid points coincide with the loca-
tions of the relevant part of WCB air mass trajectories 
that ranges between 800 and 400 hPa (i.e. the ascend-
ing part of the WCBs and the one typically producing 
most rainfall; Madonna et  al. 2014). In addition, we 
consider that the WCB trajectories have a “width” of 
one grid point. Therefore, when an air mass trajectory 
and a 3B42 grid point coincide, we also associate to 
the WCB the surrounding rainfall grid points.

Figure  2e, f show an example of the association of 
extracted rainfall with lightning observations: AMSU diag-
nosed DC and the WCB at the time of the mature stage of 
the two intense cyclone cases in Fig.  2a, b. Results show 
that not all rainfall grid points are attributed to the WCB 
or DC; however, most of the major rainfall ‘hot spots’ are 
attributable to at least one of these processes.

Reanalysis is produced by models by the assimilation of 
a large variety of observations and thus it is widely consid-
ered as the most credible gridded dataset for atmospheric 

circulation at a relatively coarse resolution. Therefore, in this 
study, we use ERAI to track cyclonic systems and to identify 
WCB airstreams. In addition, ERAI may conveniently offer 
continuous rainfall datasets and specific diagnostics to distin-
guish convective and large-scale precipitation. However, such 
processes are sensitive to model uncertainties linked to phys-
ics parametrizations, resolution issues and other aspects of 
the model configurations (e.g. Belo-Pereira et al. 2011; Szc-
zypta et al. 2011). Therefore, our choice to use satellite and 
lightning observations—rather than reanalysis—to analyse 
DC and WCB rainfall aims to achieve a high degree of cred-
ibility in our results. Nevertheless, despite their advantage in 
providing a direct detection of atmospheric processes, obser-
vations may also present several limitations and may also be 
subject to measurement uncertainties.

Katsanos et  al. (2004) assessed 3B42 rainfall estima-
tions against raingauge data in the Mediterranean and 
found insignificant bias when considering low and medium 
rain rates. On the other hand, when accumulated rainfall 
exceeds 40 mm per 12 h, 3B42 relative error might be high, 
with an underestimation of rainfall by up to 80%. Despite 
its high bias in heavy rainfall, the 3B42 product offers a 
great advantage in providing spatially- and temporally-
continuous datasets on a relatively fine grid. Concerning 
ZEUS, the lightning observations are related with a loca-
tion error of the order of 6.5 km, but—as all very low fre-
quency systems—ZEUS suffers from underdetection of 
the actual number of lightning events. Nevertheless, ZEUS 
does not miss the detection of thunderstorms (Lagouvardos 
et al. 2009). Finally the choice of using AMSU-B/MHS is 
justified by the fact that convection occurrences in ERA-
Interim are systematically underestimated (Alhammoud 
et  al. 2014). DC diagnostic has been evaluated against 
Cloudsat data and shows a false positive percentage lower 
than 6% at the global scale (Rysman et al. 2017). In addi-
tion, when compared with TRMM data, DC was found 
in the Mediterranean region to be related to accumulated 
rainfall of at least 20 mm in 3 h in more than 50% of the 
cases. This threshold was also confirmed in the Mediter-
ranean—over surfaces free of snow or ice—with radar 
and rain gauges from meteorological ground stations for 
selected heavy precipitating events (Funatsu et al. 2007). A 
caveat of DC diagnostics is the discontinuous and irregular 
temporal sampling, depending on the daily frequency and 
drift of satellites passages over the Mediterranean (Claud 
et al. 2012).

3  Intense cyclones climatology and relation 
to heavy rainfall

Figure 4a, b show the location of the mature stage of the 
250 intense cyclones associated with high rainfall (blue 
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dots in Fig.  3a) and low rainfall (red dots in Fig.  3a), 
respectively. Despite their differences in rainfall produc-
tion, both cyclone groups present a consistent spatial vari-
ability of occurrence. This is consistent with the results of 
previous intense cyclone climatologies (e.g. Trigo et  al. 
1999; Homar et al. 2007). In fact, cyclones in both groups 
reach maximum intensity over the Adriatic, the Aegean, 
Ionian and western Mediterranean Seas. Consistent with 
the analysis of the dynamics of intense Mediterranean 
cyclones in Flaounas et al. (2015), the majority of cyclones 
in Fig. 4a, b are located over the Mediterranean Sea, while 
few systems reach their maximum intensity near the Alps 
and the Atlas Mountains. Despite the similar spatial vari-
ability of the two cyclone groups, their seasonal cycle 
(Fig. 4c) shows a higher frequency of occurrence in early 
winter and autumn for cyclones producing high rainfall, 

and in spring for cyclones producing low rainfall. Clima-
tologically, the Polar Jet is at its southern location in winter 
and hence Mediterranean intrusions of potential vorticity 
(PV) streamers are most likely to occur and in turn initiate 
intense cyclogenesis in this season (Fita et al. 2006; Claud 
et  al. 2010; Flaounas et  al. 2015). On the other hand, the 
Polar Jet is at its northern location in summer, disfavour-
ing PV streamer intrusions. Especially in autumn, cyclones 
may be more likely to produce heavy rainfall due to the 
Mediterranean Sea surface temperature (SST), which is 
climatologically warmer in autumn than in winter (Dubois 
et  al. 2012); this favours evaporation and thus potentially 
enhances rainfall production. The role of warmer SST in 
increasing intense cyclones’ rainfall has been confirmed by 
numerical sensitivity tests (Miglietta et al. 2011; Tous et al. 
2013). To highlight the importance of intense cyclones in 
producing heavy rainfall in the Mediterranean, we show 
in Fig.  5a, b their contribution to the regional total rain-
fall during the years 2005–2015. The difference is striking, 
with cyclones yielding low rainfall (Fig. 5a) producing an 
average of 10% of the total 11-year Mediterranean rainfall, 
while those yielding high rainfall (Fig. 5b), in certain areas, 
producing about one-third of the total. Taking into account 
all 500 cyclones, their total contribution is about 40%. This 
result is consistent with Flaounas et al. (2016a) who used 
20-year regional simulations and different methodology to 

Fig. 4  a Spatial variability of occurrence for the mature stage of the 
250 most intense cyclones producing low rainfall, expressed in num-
ber of cyclones per 2.5° (in colour). b As in a but for the 250 most 
intense cyclones that produce high rainfall. c Seasonal cycle of occur-
rence for the 250 intense cyclones producing low rainfall (red line) 
and for the 250 intense cyclones producing high rainfall (blue line)

Fig. 5  a Percentage of the total rainfall during the period 2005–2015 
due to the 250 intense cyclones producing least rainfall. b As in a but 
for the 250 intense cyclones producing most rainfall
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show that about 50% of rainfall over the Mediterranean Sea 
is due to intense cyclones.

4  Contribution of deep convection and warm 
conveyor belts to cyclone rainfall

4.1  Temporal variability

Figure 6a, b show the composite time series of the evolu-
tion of the cyclones’ extracted rainfall, as well as the rela-
tive contribution of DC and WCBs to this rainfall. Com-
posite time series are centred at the mature stage of the 
250 cyclones producing high (Fig.  6a) and low rainfall 
(Fig.  6b). The 0  h corresponds to each cyclone’s mature 
stage, i.e. when the relative vorticity at the cyclone’s cen-
tre is maximised. The rainfall evolution is expressed as the 
average percentage of 48-h cyclone rainfall (from −24 to 
+24  h) produced within each 3-h time step (where each 
composite 3-h rainfall is calculated as the average rainfall 
from all cyclones with available extracted rainfall at the 
given composite time steps). On the other hand, the con-
tribution of lightning, AMSU-diagnosed DC and WCBs to 
the cyclones’ rainfall is expressed as the average percent-
age of the total 3-h rainfall that overlaps with locations of 
lightning impacts, AMSU-diagnosed DC and the WCB, 
respectively (Sect. 2.3). In addition, we show DC (magenta 
line in Fig. 6a, b) considering that DC occurs when a grid 
point of rainfall is collocated with either lightning impacts 
or AMSU diagnosed DC.

In both Fig.  6a, b, the rainfall production tends to 
increase from 24 h to about 6 h prior to the cyclone mature 
stage (i.e. until −6 h). Then, within 6 h, from −6 to 0 h, 
cyclones in both cyclone groups tend to produce on average 
about 30% of their total 48-h rainfall. Thereafter, rainfall 
production decreases smoothly. In cyclones producing high 
rainfall (Fig. 6a), the contribution of DC (magenta line) and 
WCBs (blue line) to rainfall increases in parallel with rain-
fall production (black line) from −24 to −6 h. Then, from 
−6 to 0 h, when most rainfall is produced, the WCB con-
tributes about 50%, while DC contributes about 15–20%. 
Such strong contribution of WCBs to cyclone rainfall is 
consistent with the climatological results of Pfahl et  al. 
(2014) and with the five cyclone case analyses in Raveh-
Rubin and Wernli (2016). In cyclones producing low rain-
fall, the contribution of WCBs (Fig. 6b) tends to present a 
similar variability to that for cyclones producing high rain-
fall (Fig. 6a), but with lower percentage. On the other hand, 
the contribution of DC to rainfall shows a rather weak vari-
ability for these low-rainfall cyclones, being quasi-constant 
from −12 to +12 h (Fig.  6b) rather than reaching a clear 
maximum at around −6  h as in cyclones producing high 
rainfall (Fig. 6a).

The total contribution of the WCB and DC to rainfall 
differs in the two cyclone groups. For instance, at −6  h 
the two processes explain about 70% of the rainfall of 
cyclones with high rainfall (Fig. 6a), but only 50% of the 
rainfall of cyclones with low rainfall (Fig. 6b). Thus, this 
analysis shows that the WCB and DC are the dominant 
processes through which intense Mediterranean cyclones 
produce heavy rainfall. On the other hand, the considerable 

Fig. 6  a Composite time series, averaged for the 250 intense 
cyclones producing high rainfall. Time series are centred in time such 
that 0 h corresponds to the cyclone’s track point with maximum rela-
tive vorticity. Black line corresponds to the percentage of the average 
rainfall produced by the cyclones, at each track point. Red line corre-
sponds to the average percentage of 3-h rainfall produced by cyclones 
that is overlapping with lightning impacts. Green line, as for lighting, 

but for rainfall overlapping with diagnosed DC by AMSU. Magenta 
line, as for lightning, but for rainfall overlapping with either lightning 
impacts or AMSU diagnosed DC. Blue line, as for lightning, but for 
rainfall overlapping with WCBs producing rain. Grey line represents 
the percentage of rainfall that occurs over land areas and does not 
overlap with either DC or WCBs. b As in a, but for the 250 cyclones 
producing low rainfall
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residual suggests that DC and the WCB do not explain all 
of the rainfall of cyclones with high rainfall. Lightning 
observations and reanalysis data are continuously avail-
able throughout the 11-year period (only AMSU diagnos-
tics present missing values when no satellites pass over 
the Mediterranean) and hence it is rather unlikely that the 
rainfall residual is due to incomplete spatial and temporal 
coverage of the observations. Consequently, part of this 
residual may be attributed to inconsistencies between 3B42 
rainfall estimates, observations and reanalysis data (e.g. 
misplaced 3B42 fields with respect to observations), but the 
largest part is most probably related to undiagnosed atmos-
pheric processes (processes other than DC and the WCB) 
that take place over both land and sea. Indeed, Raveh-
Rubin and Wernli (2016) showed that shallow convection 
and orography interactions with the atmospheric flow may 
contribute significantly to heavy rainfall in cyclones. The 
Mediterranean basin has a complex geography (Fig.  1) 
with several intense cyclones reaching their mature stage 
close to or over land (Fig.  4). In fact, our analysis shows 
that about 50–60% of cyclone total extracted rainfall is pro-
duced over land, regardless of whether DC or WCBs are 
also present. Due to the complex nature of orographically-
induced rainfall here we do not treat explicitly rainfall over 
land as a unique process since several different underlying 
atmospheric processes may be implicated, especially when 
considering orographically-forced convection (e.g. Cannon 
et al. 2012; Barrett et al. 2015).

4.2  Spatial variability

In this section we focus only on cyclones producing high 
rainfall. Figure  7 shows the spatial variability of rainfall, 
WCB and DC at the times of the cyclones’ intensifying 
stage (−12  h), when cyclone intensity is maximum (0  h) 
and during their decay phase (+12 h). Spatial variabilities 
are calculated in cyclone-centre relative locations and are 
expressed as the average, over the 250 cyclones, occur-
rence of rainfall, lightning and DC (as diagnosed by AMSU 
observations) at each grid point.

The highest probabilities of rainfall occurrence (Fig. 7, 
top panels) are located close to cyclone centres, while 
areas affected by rainfall extend from 5° west to cyclone 
centres to 7.5° east. In particular, rainfall occurrence is 
favoured at the north-east side of cyclone centres, regard-
less of the stage in the cyclone lifecycle. This result is 
consistent with Flaounas et al. (2015) who reached simi-
lar results, but using a regional climate simulation. In the 
middle panels of Fig.  7, lightning and the AMSU-diag-
nostic yield similar spatial patterns, suggesting that DC 
tends to take place close to cyclone centres most probably 
due to convection in their fronts. A characteristic exam-
ple is shown in Fig. 2a, where 3-h rainfall of more than 

40 mm takes place alongside the cyclone’s cold front (not 
shown) to the east of the cyclone centre (at 20°E–35°N). 
Figure  2e confirms that this region is strongly charac-
terized by lightning activity and AMSU-diagnosed DC. 
Concerning rainfall produced by the WCB (Fig.  7, bot-
tom panels), more than 40% of occurrences are located 
to the north of cyclone centres. Especially at +12 h, the 
WCBs produce rainfall within a rainband that expands 
zonally from 2.5° west of cyclone centres to 10° to their 
east. This rainband has a similar spatial structure to 
that of the characteristic comma-shaped cloud of extra-
tropical cyclones. Similar spatial structure of rainfall at 
times subsequent to that of cyclone maximum intensity 
has been also found by Flaounas et  al. (2015). In fact, 
the WCB typically rises from the lower atmospheric lev-
els to the upper troposphere within 48 h. As a result, the 
moist air masses that rise over the warm fronts during the 
cyclone mature stage (at 0 h) may continue to contribute 
to cyclone rainfall at later times.

In Fig.  7, the areas where DC and WCB rainfall are 
favoured present a fairly limited overlapping. In particular, 
WCBs initiate rainfall in northern locations and close to the 
cyclone centres, while DC takes place close to the cyclone 
centres and towards the east. This is consistent with Raveh-
Rubin and Wernli (2016) who showed that rainfall takes 
place in locations to the north and east of cyclone centres 
and that DC is favoured along the cyclone’s fronts and 
close to the cyclone’s centre. In fact, about 8% of rainfall 
grid points that present WCBs overlap with rainfall grid 
points associated to either lightning or AMSU-diagnosed 
DC. On the other hand, about 30% of rainfall grid points 
that present either lightning or AMSU-diagnosed DC over-
lap with rainfall grid points due to WCBs. This suggests 
that a considerable percentage of DC forms part of the 
embedded convection in WCBs. Indeed, previous studies 
showed that WCBs have been associated with both convec-
tive and large-scale precipitation (Martinez-Alvarado et al. 
2014; Rasp et al. 2016). The limited overlapping between 
the areas affected by DC and the WCB was also observed 
in the detailed analysis of a cyclone case study (Flaounas 
et al. 2016b, their Fig. 6). It is noteworthy that the atmos-
pheric fields in Fig. 7 were not rotated about cyclone cen-
tres to yield composite averages with coherent frontal 
structures. Rotated composite fields were previously used 
by Merill (1988) and more recently by Catto et al. (2010) 
and Martínez-Alvarado et al. (2012). Rotation would result 
in Fig. 7 presenting a more robust spatial structure of light-
ning and AMSU-diagnosed DC occurrence. Regardless of 
the fields’ rotation, our rainfall composites are consistent 
with the rotated ones in Flaounas et  al. (2015), while our 
composite DC and WCB locations are consistent with the 
ones found in the five cyclone analysis of Raveh-Rubin and 
Wernli (2016).
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4.3  Rainfall relation to lightning impacts and number 
of WCB trajectories

In the previous sections we showed that DC and WCBs 
are associated with the largest part of cyclones’ high 
rainfall and WCBs may potentially produce about half of 
the rainfall when cyclones reach their mature stage. To 

complement our results on the spatio-temporal variabil-
ity of DC and WCBs producing cyclones’ rainfall, in this 
section we address the relationship of rainfall intensity to 
lightning impacts and the number of WCB air mass trajec-
tories. In Fig.  8a, b we present the boxplots of the distri-
bution of lightning impacts and the number of WCB tra-
jectories, respectively, per 3-h rainfall bins of a width of 

Fig. 7  Probability of occurrence of rainfall, lightning impacts, DC as diagnosed by AMSU and WCBs, with respect to the centre of the 250 
cyclones producing high rainfall, at the times −12, 0 and +12 h



2946 E. Flaounas et al.

1 3

5  mm. To produce Fig.  8 we took into account only the 
cyclone rainfall grid points that present solely lightning or 
WCB trajectories above the Mediterranean Sea. This was 
done to avoid complex interactions between orography 
and air flow which would potentially influence the rainfall 
amount. Finally, we calculated distributions only for bins 
that include at least 100 events. In Fig. 8a, the 3-h rainfall 
median and the 75th and the 95th quantiles increase with 
the logarithm of the number of lightning impacts. On the 
other hand, in Fig.  8b, the median and the 75th and 95th 
quantile of the number of trajectories of WCBs increase 
in parallel with rainfall only until about 35  mm. In con-
trast, the 25th and 5th quantile of each bin boxplot for both 
lightning and WCBs present a less consistent relationship 
with rainfall. We hypothesise that there is a relationship 
that bounds the maximum number of lightning impacts or 
WCB trajectories that can occur to yield a certain rainfall 
amount, but there is no relationship for their minimum 
number. Consequently, the same rainfall amounts may 
occur even with few lightning impacts or few WCB trajec-
tories. In fact, associating rainfall to simple properties such 
as the number of lightning impacts and WCB trajectories 
is a delicate issue since more factors are implicated in rain-
fall production, for instance the air masses’ water content, 
the precipitation efficiency of an atmospheric system and 
the degree of atmospheric instability. Nevertheless, Fig. 8 
clearly shows that DC may be associated with significantly 
higher rainfall intensities than WCBs.

5  Summary and conclusions

A climatological dataset of intense Mediterranean cyclones 
has been analysed, focusing on the 500 most intense 
cyclones of the period 2005–2015. For each cyclone, we 
extracted the associated rainfall field and defined a metric 
to determine the magnitude of produced rainfall (defined as 
the 95th quantile of rainfall of the cyclone’s total life time 
accumulated rainfall field grid points). Then, we applied 
a diagnostic methodology to attribute and quantify the 
rainfall produced by DC and the WCB. To diagnose rain-
fall due to DC, we directly related observations to rainfall 
estimations while, for the WCB, we attributed rainfall to 
the locations where air mass trajectories tend to rise, from 
800 to 400 hPa. In the following, we reply to the questions 
raised in the introduction:

• In a first step, we associated the rainfall and maximum 
intensity of all tracked cyclones. The results showed a 
rather large variability, demonstrating that even the most 
intense cyclones may produce low rainfall amounts. 
Despite this variability, a linear relationship was found 
when comparing the median of the cyclones’ rainfall 
to their maximum intensity. Focusing only on the 500 
most intense cyclones we found a median rainfall met-
ric value of about 45  mm. This was used as a thresh-
old to distinguish two cyclone groups: the 250 intense 
cyclones producing low rainfall and the 250 cyclones 

Fig. 8  a Boxplots of number 
of lightning impacts per bins of 
3-h accumulated rainfall with a 
5 mm width. b As in a but for 
number of WCB trajectories. 
Note that y-axis in a is logarith-
mic. Whiskers denote the 5th 
and 95th quantile
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producing high rainfall. The former group was found to 
produce about 10% of the total Mediterranean rainfall, 
while the latter produced about 30%. Furthermore, we 
found that the intense cyclones producing high rainfall 
tend to occur in autumn and winter, while the cyclones 
producing low rainfall tend to mostly occur in spring.

• Composite time series of rainfall production showed 
that all 500 cyclones tended to produce on average 
about 30% of their 48-h rainfall within the 6 h prior to 
their mature stage, i.e. from −6 to 0 h. Using observa-
tions and trajectory analysis, we distinguished and quan-
tified the relative contribution of DC and the WCB to 
the cyclones’ rainfall during this period. In particular, to 
extract rainfall due to WCBs, we retained only rainfall 
grids that coincide with the locations of air mass trajec-
tories that present an ascent of at least 500 hPa in 48 h 
and are located between 800 and 400 hPa. For cyclones 
producing high rainfall, results showed that WCBs con-
tribute up to about 50% of rainfall, while DC was found 
to contribute up to about 20%. On the other hand, for 
cyclones producing low rainfall, WCBs contributed up 
to 40% of rainfall, while DC contributed no more than 
about 10%. These results show that DC and the WCB 
are the dominant processes through which cyclones pro-
duce high rainfall (reaching a total maximum contribu-
tion of about 70%).

• Furthermore, we showed that the development of DC 
is favoured close to cyclone centres and towards their 
eastern side, most probably due to the system fronts. On 
the other hand, the WCB tends to produce rainfall on 
the north east side of cyclone centres. We found only 
8% of DC collocated with WCBs, suggesting that these 
two processes are dissociated in cyclones producing 
heavy rainfall. Nevertheless, about 30% of rainfall grid 
points associated with DC overlap with the ones associ-
ated with WCBs suggesting that a significant part of DC 
corresponds to embedded convection in WCBs. Finally, 
we showed that the number of lightning and trajectories 
corresponding to the WCB tends to increase with rain-
fall rain rates. Nevertheless, it seems that relatively high 
rain rates (more than 50 mm in 3 h) are most likely to 
occur due to DC rather than due to the WCB.

In this study, we applied several diagnostic methodolo-
gies combining reanalysis data with observations. Conse-
quently, there may be uncertainties associated with some 
aspects of our results (e.g. relating air mass trajectories 
with rainfall estimations from TRMM). Nevertheless, we 
provided an insight to the spatio-temporal variability of 
DC and the WCB, quantifying their relative contribution 
to cyclone rainfall. Our results complement previous stud-
ies on the role of DC and the WCB to produce heavy rain-
fall. Most importantly, we quantified in a climatological 

framework the relative contribution of these processes and 
showed their relationship with cyclone rainfall. In future 
studies we will address the question of cyclone water 
budget and dynamical life cycle to gain a better understand-
ing of the cyclone mechanisms leading to heavy rainfall.
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