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Preface

This monograph would not have been created without the activity and determina-
tion of its authors, 36 Polish climatologists who contributed its release. Authorship
of individual book chapters was entrusted to the experienced scientists, special-
ists in the research of individual elements and characteristics of climate. The
authors of the monograph come from eight scientific centres in Poland (Gdańsk,
Katowice/Sosnowiec, Kraków, Łódź, Lublin, Poznań, Toruń, Warszawa), repre-
senting eight universities (Adam Mickiewicz University in Poznań, Jagiellonian
University in Kraków, Maria Curie-Skłodowska University in Lublin, Nicolaus
Copernicus University in Toruń, the University of Gdańsk, the University of Łódź,
the University of Silesia in Katowice, the University of Warsaw), two technical
universities (Kraków University of Technology, Agricultural University of Kraków),
the Polish Academy of Science and Institute of Meteorology and Water Manage-
ment—National Research Institute. The vast majority of the research presented here
is new and was conducted for the purposes of this monograph. However, the book
was preceded by many works, publications and studies that influenced its form.

This bookwould not have been createdwithout the tirelesswork ofmany unnamed
observers at the weather stations (both the Institute of Meteorology and Water
Management—National Research Institute and university stations), who, day after
day, have painstakingly measured, observed and documented the state of the weather
for many years. In addition, the book could not have been published without the
creation and availability of ameteorological database by the Institute ofMeteorology
and Water Management—National Research Institute and universities.

Finally, the monograph would not have been published without the active help of
English native speaker, Leah Morawiec, who took care of the linguistic correctness
of most chapters of the book. Special thanks are due to the scientific and technical
staff of Springer International Publishing, especially for their great patience and kind
help.

I express my deep gratitude to everyone for their work, commitment and effort.
The book is addressed to scientists (climatologists, geographers, etc.), academic

teachers, students, journalists, and all those interested in Poland and climate change
in Poland.
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viii Preface

Climate variability and its contemporary changes are happening right in front of
us. Therefore, we would appreciate any feedback to help improve the next editions
of the book.

Sosnowiec, Poland Małgorzata Falarz

Acknowledgments In this monograph meteorological data of Institute of Meteorology and Water
Management—National Research Institute andmeteorological stations of both JagiellonianUniver-
sity inKraków (stations:KrakówObs.UJ andGaik-Brzezowa) andUniversity of Silesia inKatowice
(station Sosnowiec) has been used and processed.

The original version of the book was revised: In Chapter 11 figures 23 and 33 corrections have
been updated and also the affiliation city name “Katowice” of the volume editor is corrected in web
version. The correction to the book is available at https://doi.org/10.1007/978-3-030-70328-8_25
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Poland;
Institute of Meteorology and Water Management—National Research Institute,
Warsaw, Poland

Dariusz Graczyk Institute for Agricultural and Forest Environment, Polish
Academy of Sciences, Poznań, Poland
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Tadeusz Niedźwiedź Faculty of Natural Sciences, Institute of Earth Sciences,
University of Silesia in Katowice, Katowice, Poland

Magdalena Opała-Owczarek Faculty of Natural Sciences, Institute of Earth
Sciences, University of Silesia in Katowice, Katowice, Poland
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Chapter 1
Introduction

Małgorzata Falarz, Rajmund Przybylak, Janusz Filipiak,
Agnieszka Wypych, and Małgorzata Szwed

Abstract Climate change is now one of the most important global challenges. The
problem was noticed worldwide as early as the 1970s, when the first world Climate
Conference was held in Stockholm (1972) under the motto “Only One Earth”. Great
progress, however, did not begin in climate protection until 1992, when the Rio de
Janeiro Earth Summit was organised. Later on, since 1995, the Climate Summits
(Conferences of the Parties, COP) of the United Nations have been held every
year, bringing together representatives from almost all countries of the world and
resulting in important global agreements on combating global warming (e.g. the
Kyoto Protocol in 1997, Paris Agreement in 2015).
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Centre for Climate Change Research, Nicolaus Copernicus University, Toruń, Poland
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4 M. Falarz et al.

Climate change is now one of themost important global challenges. The problemwas
noticed worldwide as early as the 1970s, when the first world Climate Conference
was held in Stockholm (1972) under the motto “Only One Earth”. Great progress,
however, did not begin in climate protection until 1992,when theRio de Janeiro Earth
Summit was organised. Later on, since 1995, the Climate Summits (Conferences of
the Parties, COP) of the United Nations have been held every year, bringing together
representatives from almost all countries of the world and resulting in important
global agreements on combating global warming (e.g. the Kyoto Protocol in 1997,
Paris Agreement in 2015).

The Intergovernmental Panel on Climate Change (IPCC), the United Nations
body for assessing the science related to climate change, publishes reports every 5–
7 years with scientific assessments on climate change (e.g. IPCC 1992, 2007, 2013),
its implications and potential future risks. In addition, special reports are published.
The report appearing in 2018 for example, highlights the uneven distribution of
temperature values on the globe for scenarios of 1.5 °C and 2.0 °C global warming
compared to the preindustrial level. In line with expectation, the biggest changes will
be in the extreme temperature in land areas, e.g.with globalmean surface temperature
warming of 2.0 °C, the change in average temperature of hottest days reaches 3–4
°C in some land areas, including Europe (IPCC 2018).

A number of climate change studies have been carried out worldwide, the results
of which have been published in thousands of scientific articles or multifaceted
monographs (e.g. Jones et al. 1996, Houghton et al. 2001, Jones et al. 2001, Hurrell
et al. 2003, Knieling and Leal Filho 2013, Leal Filho et al. 2016).

Interest in climate change in Poland has a long history and tradition, for review
see e.g. Przybylak et al. 2010 and Section I.2 in this volume. Here we mention only
some of the more recent and most important works. They generally cover many
aspects of climate change in Poland, including analyses of: (1) climate before instru-
mental measurements (e.g. Przybylak et al. 2010; Opała 2015; Przybylak 2016), and
(2) contemporary climate: circulation conditions (e.g. Niedźwiedź and Łupikasza
2016, 2019), air pressure (e.g. Bielec-Bąkowska 2016), solar radiation (e.g. Uscka-
Kowalkowska et al. 2007), sunshine (e.g. Matuszko 2014; Matuszko et al. 2020),
cloudiness (e.g. Filipiak and Miętus 2009), air temperature (e.g. Ustrnul 2000),
air humidity (e.g. Wypych 2010), precipitation (e.g. Łupikasza 2010, 2016), snow
cover (e.g. Falarz 2008), wind (e.g. Araźny et al. 2007; Lorenc 2012), thunderstorms
(e.g. Bielec-Bąkowska 2003) and tornadoes (e.g. Taszarek and Brooks 2015), hail
(e.g. Bielec-Bąkowska 2013), fog (e.g. Łupikasza and Niedźwiedź 2016), urban
climate (Fortuniak 2019), bioclimatic indices (e.g. Błażejczyk andMatzarakis 2007),
weather types (e.g. Piotrowicz et al. 2016), temperature projections (e.g. Szwed and
Graczyk 2006), precipitation projections (e.g. Pińskwar 2010) and projected changes
in indices related to agriculture, water resources and human health (e.g. Szwed et al.
2010).

In the last 20 years there have been several conference publications in Polish
presenting: circulation and radiation conditions of climate change and variability
in Poland (Kolendowicz 2010; Bielec-Bąkowska et al. 2012; Kolendowicz et al.
2019), climate change in Poland at different spatial and time scales (Piotrowicz
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and Twardosz 2007), thermal and precipitation variability (Bednorz 2010), thermal,
radiation and hydrological aspects of change (Chojnacka-Ożga and Lorenc 2019)
and climate change and its consequences with references to the climate of Europe
(Zmiany i zmienność klimatu Polski […] 1999); Bednorz and Kolendowicz 2010).

Particular attention has been paid to extreme meteorological and hydrological
phenomena in Poland (Kundzewicz and Jania 2007; Ustrnul and Czekierda 2009).

Of particular note are monographs in English, with an international composition
of authors presenting: climate change in Poland in relation to European change
(Przybylak et al. 2010) and climate change of the Baltic Sea Basin area covering
Poland (The BACC Author Team 2008; The BACC II Author Team 2015). The first
(Przybylak et al. 2010) provides both a synthesis of current knowledge about climate
of Poland in recent centuries and new finding results for selected issues in selected
regions of Poland or for individual meteorological stations. The book relates to the
results published till 2009.

The above-mentioned works were created in different years, using different
methods, with different levels of detail. None of them undertakes a systematic spatial
description of the change of all climate elements throughout the area of Poland. The
knowledge of Poland’s climate change so far is very rich and valuable. However, it
is somewhat dispersed; there is no harmonisation of methods, databases or research
periods. There is not yet a book about climate change in Poland which presents new
research that uses an uniform method for all the elements of climate as well as for
the selected meteorological phenomena, bioclimatic conditions and weather types
for past, present and future change. In this book, knowledge of these subjects is
sorted out and harmonised.

The current volume consists of five main parts. Part I is an introduction. Part II
presents the results of the study of climate change before the beginning of the instru-
mental measurements in Poland in the last millennium. In Part III the long-term
trends and variability of circulation indices, climate elements, selected meteorolog-
ical phenomena, bioclimatic conditions and weather types are analysed using data
from the Institute of Meteorology and Water Management–National Research Insti-
tute and two university stations. A spatial diversity of climate trends and variability
in Poland is presented in maps. Part IV of the book deals with projected changes up
to 2100 in temperature, precipitation and thermal indices related to the agriculture
and energy sectors in Poland. Part V contains summary, discussion and conclusion.
More than 80% of the results presented in this monograph are the results of new
studies, not yet published, which were carried out specifically for the purposes of
this book.
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Filipiak J, Miętus M (2009) Spatial and temporal variability of cloudiness in Poland, 1971–2000.
Int J Climatol 29:1294–1311. https://doi.org/10.1002/joc.1777

Fortuniak K (2019) Studies on urban climate in Poland. Przegląd Geofizyczny LXIV 1–2:73–106.
https://doi.org/10.32045/PG-2019-003

Houghton JT et al (eds) (2001) Climate change 2001: the scientific basis. Cambridge University
Press, Cambridge, UK

Hurrell JW, Kushnir Y, Ottersen G, Visbeck M (eds) (2003) North Atlantic oscillation: climatic
significance and environmental impact. Geophysical Monograph 134. American Geophysical
Union, Washington

IPCC (1992) Climate change: the 1990 and 1992 IPCC Assessments Report. JT Houghton (ed),
Cambridge, UK, 212 pp

IPCC (2007) Climate change 2007, The Physical Science Basis. Contribution of working group I
to the fourth assessment report of the intergovernmental panel on climate change. In: Solomon
S. Qin D, Manning M, Chen Z, Marquis M, Averyt KB, Tignor M, Miller HL (eds). Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA, 996 pp

IPCC (2013) Climate change 2013, The physical science basis. Contribution of working group I to
the fifth assessment report of the intergovernmental panel on climate change. In: Stocker TF, Qin
D, Plattner G.-K, Tignor M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V, Midgley PM (eds).
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, 1535 pp,
https://doi.org/10.1017/cbo9781107415324

IPCC (2018) GlobalWarming of 1.5 °C. An IPCC Special Report on the impacts of global warming
of 1.5 °C above pre-industrial levels and related global greenhouse gas emission pathways, in
the context of strengthening the global response to the threat of climate change, sustainable
development, and efforts to eradicate poverty. In: Masson-Delmotte V, Zhai P, Pörtner H-O,
Roberts D, Skea J, Shukla PR, Pirani A, Moufouma-Okia W, Péan C, Pidcock R, Connors S,
Matthews JBR, Chen Y, Zhou X, GomisMI, Lonnoy E, Maycock T, Tignor M,Waterfield T (eds)

Jones PD, Bradley RS, Jouzel J (eds) (1996) Climatic variations and forcing mechanisms of the last
2000 years. Springer, Berlin/Heidelberg/New York

Jones PD, Ogilvie AEJ, Davies TD, Briffa KR (eds) (2001) History and climate, memories of the
future. Kluwer, New York

Knieling J, Leal Filho W (eds) (2013) Climate change governance. Springer International
Publishing, 320 pp

Kolendowicz L (ed) (2010)Klimat Polski na tle klimatu Europy. Warunki cyrkulacyjne i radiacyjne,
Studia i Prace z Geografii i Geologii, 14, Bogucki Wydawnictwo Naukowe, Poznań, 170 pp
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This chapter includes the results of the earliest studies on changes and variability
of climatic elements, bioclimatic indices and weather types across Poland. The first
pioneeringworks on climatic studieswere presented (since 1858), even if they did not
relate to climate change. Already in the nineteenth century, the results of air temper-
ature (e.g. Karliński 1868; Kuczyński 1884), precipitation (e.g. Kremser 1884; Wild
1887), cloudiness (Satke 1898), humidity (Wierzbicki 1878) and snow cover (Satke
1896, 1899) investigations in Polish lands were published in Polish and German.

The climatic history in Poland for the preinstrumental period has been recon-
structed from various natural archives. Information on climate change during the
Holocene period was obtained on the basis of geomorphological, sedimentological
and botanical data (Stasiak 1968; Starkel 1977; Ralska-Jasiewiczowa and Starkel
1988, 1991; Starkel et al. 1996; Kotarba and Baumgart-Kotarba 1997) and the most
accurate climatic reconstructions were carried out for the historical period (the
last millennium) (Niedźwiedź et al. 2015). Based on a literature review, it can be
concluded that information on climate change in Poland during historical times were
provided mainly by four types of proxy data: documentary evidences, tree rings, lake
sediments and geothermal profiles.

The earliest study on Poland’s climatic conditions was conducted using docu-
mentary evidences (Semkowicz 1922; Polaczkówna 1925). A considerable amount
of data can be found in the excerpts from the chronicles (e.g. Walawender 1932;
Namaczyńska 1937; Szewczuk 1939; Inglot 1962, 1966, 1968, Rojecki 1965);
however, the first climatological interpretation of these historical records was made
no longer than 30 years ago by Maruszczak (1988), Sadowski (1991), Limanówka
(2001), and Przybylak et al. (2001). Detailed information on the development of
historical climatology in Poland was presented by Przybylak et al. (2001).
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The earliest mention of the possibility of conducting dendroclimatological
research in Poland comes from 1914 (Merecki 1914). Although preliminary dendro-
climatological research started after theSecondWorldWar (Zinkiewicz 1946;Ermich
1953), the first reconstruction of climate on the basis of tree rings was presented by
Bednarz (1984) for the Tatra Mountains. Since these pioneer work many long tree-
ring chronologies were developed for different parts of the country (see summary
presented by Zielski et al. 2010). However, development of studies on past climatic
changes in Poland based on dendroclimatic records has taken place in the last two
decades (e.g. Krąpiec et al. 1998; Cedro 2004; Niedźwiedź 2004; Büntgen et al.
2007; Szychowska-Krąpiec 2010; Koprowski et al. 2012; Opała andMendecki 2014;
Balanzategui et al. 2017).

Another source of paleoclimatic data covering the last millennium is laminated
lake sediments, whose potential for paleoenvironmental and paleoclimatic recon-
structions has been thoroughly examined for the Lake Gościąż site in central Poland
(Ralska-Jasiewiczowa et al. 1992, 1998; Starkel et al. 1996). Recently, high poten-
tial for quantitative paleoenvironmental reconstructions was also shown for Lake
Żabińskie in north-eastern Poland (Amann et al. 2014; Hernández-Almeida et al.
2015; Larocque-Tobler et al. 2015).

The first use of geothermal profiles in thermally stabilised wells to reconstruct
temperature history in Poland over the last 500 years was made by Majorowicz et al.
(2001).

In the first half of the twentieth century, there was no work on the long-term vari-
ability of atmospheric circulation over Poland, but there were publications on the
impact of atmospheric circulation on some elements of the climate (Bartnicki 1924;
Arctowski 1927; Kaczorowska 1933; Milata 1935; Bartnicki and Kołodziejczyk
1935; Lisowski 1935). In some later works, the role of circulation factors in the
formation of the Polish climate was emphasised (Kożuchowski 2003, 2004; Miętus
1996;Wibig 2001). In the second half of the twentieth century, several classifications
of circulation types and indices were created (Osuchowska-Klein 1975; Niedźwiedz
1988; Ustrnul 1997; Piotrowski 2009). Attention was also paid to the long-term vari-
ability of circulation types, air masses and atmospheric fronts (Parczewski 1964;
Niedźwiedz 1996; Kaszewski and Filipiuk 2003). Considering the Vangengeim-Girs
hemispheric circulation indices for the European sector, seven circulation periods
were distinguished (Degirmendžić et al. 2000).

The analyses of the distribution and variability of atmospheric pressure are
the basis of research into atmospheric circulation. One of the first studies on the
distribution of atmospheric pressure in Poland and Europe includes Gorczyński’s
work from (1917), in which the author presented 54 maps showing the distribution
of monthly and annual isobars in Poland, Europe and all over the globe.

The Kraków series of measurements was subjected to the most detailed study
of the meteorological element in question. It was used, among others, in Weisse’s
(1858), Hann’s (1887), and Trepińska’s (1988) works. The oldest studies concerned
mainly general comparisons of pressure values (their daily and annual courses aswell
as deviations from the average) between the various stations located in Poland and
in Europe. Later studies, mainly Trepińska’s works also tackled the issues related
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to the analysis of trends of changes since 1792 (Trepińska 1988, 1997a; Bärring
et al. 2002). The author also made a number of comparisons of a long-term (since
1901) series of pressure measurements in Kraków and Warszawa, as well as in other
European cities. Similar studies using a long series of measurements in Warszawa
were also made by Ustrnul and Czekierda (2000). In the works mentioned above, it
was found, among others, that the long-term variability of average annual pressure
values shows a slight increase, which is mainly caused by pressure changes in the
winter season. An important characteristic of the long-term variability of pressure
throughout the year and in individual months is the occurrence of clear periods of
higher or lower values, which is most likely associated with the occurrence of the
so-called circular epochs.

Nevertheless, most studies using the atmospheric pressure measurements in
Poland are based on shorter measurement series. They usually concern the impact of
pressure and its changes on the human body (for example Koźmiński and Michalska
2012) or explain the changes and variability of other meteorological elements (for
example Degirmendžić et al. 2004).

The actinometric measurements started in Poland at the end of the nineteenth
century, but they were of experimental character and were short series. The oldest
measurements of solar radiationwere carried out in 1894 in themeteorological obser-
vatory in Puławy (Kolomijcov 1894). The pioneer of actinometric measurements in
Poland, as well as the creator of the instruments used to measure the intensity of solar
radiation (Moll-Gorczyński solarimeter, later known asKipp&Zonen pyranometer),
was professor Władysław Gorczyński. He initiated the long-term measurements of
global solar radiation in Warszawa starting in 1900 (Gorczyński 1913), and then in
Gdynia from 1920 (Gorczyński 1951).

It is known that short-term series of measurements were carried out in Grodzisk
during the interwar period (Gorczyński 1911) in Sopot (1928–1935), Gdańsk
(1931–1935) (Frischmuth 1935), in Kołobrzeg (Gorczyński 1951), Wrocław (1929–
1932) (Grundmann 1933), Ursynów (Gorczyński 1951), Remiszewice near Łódź
(June 1932), Januszewice near Opoczno (August–October 1932) (Gorczyński and
Ostrowski 1934), Racibórz (1929–1941) (Mackiewicz 1957), the Sudetes Moun-
tains (September–November 1931 and March–November 1932) (Stenz 1959) and
in the Tatra Mountains (July–August 1903, January, April and September 1924 and
1935–1939) (Stenz 1925, 1959).

The measurements of solar radiation on a larger scale began in Poland only after
the end of World War II, when in 1952, the State Hydrological and Meteorolog-
ical Institute (PIHM) opened several actinometric stations (Bogdańska et al. 2002).
However, it was difficult to carry out the analysis of the components of the radiation
budget, especially its spatial distribution aspect, because the number of the stations
was insufficient. Additionally, regular measurements were carried out inmeteorolog-
ical stations belonging to a fewuniversities, thePolishAcademyofSciences Institutes
(PAN) and the Institute of Soil Science and Plant Cultivation (IUNG). The develop-
ment of actinometry in Poland, whichwas observed in the 1950s, provided the source
material for numerous climatological research studies. These works were published
on the basis of the research on long-term variability and regional differentiation of
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solar radiation (Kuczmarska and Paszyński 1964a, b; Paszyński 1966; Podogrocki
1977, 1978;Miara et al. 1987;Olecki 1986, 1989; Słomka 1988;Bryś 1994) aswell as
the fluctuation, trends and periodicity analysis of global solar radiation (Bogdańska
and Podogrocki 2000).

Until now, most of the sunshine studies have been based on short series of
measurements, most often 10-year, and mainly includes the analysis of data from
the 1960s and 1970s (Kuczmarski 1990) or earlier periods (Gorczyński 1913;
Merecki 1914). Only a few stations in Poland can boast of long, homogeneous
heliographic series. These include the IGiGP scientific station of the Jagiellonian
University (formerly theAstronomicalObservatory),wheremeasurements have been
taken continuously in the same place and using the same instrument since 1883.
Based on the data from this station, numerous studies have been conducted on the
subject of long-term variability of sunshine duration and its causes (among others,
Morawska 1963; Matuszko 2014). In Kraków, as in other European cities (Matuszko
2016), one can notice common periods of decreases (“global dimming”: 1951–
1980) and increases (“global brightening”: 1981–1995) in sunshine duration with
extreme values occurring in the same years (maximum in 1943, 1921, minimum in
1980). Other stations with long, but partly reconstructed heliographic series, include
Wroclaw (Matuszko 2016), Śnieżka,Warszawa and Puławy (Bogdańska et al. 2002).

In addition, the various aspects of cloudiness variability in Poland have been
analysed for many years, e.g. Satke (1898), Gorczyński and Wierzbicka (1915).
Stenz (1952) and Okołowicz (1962) dealt with the problem of spatial variability of
cloudiness amount in Poland. Warakomski (1969) reported on the seasonal course
of cloud types in Poland. However, the number of papers dealing with the analysis
of long-term changes in cloudiness has been very limited. Morawska-Horawska, in
her analyses (1963, 1985), described in detail the observational series of cloudiness
in Kraków, the longest in Poland, covering the period since 1859.

Air temperature is the element most often analysed and has one of the longest
data series. In the case of this element, there have been countless analyses carried
out on a local, regional and national (Polish) scale. The oldest and most impor-
tant are studies by Gorczyński (1913, 1915a, b, 1916, 1918) and Gorczyński and
Kosińska (1916), and in the later period by Romer (1947b, 1948/1949). Some of
these studies are of particular importance because their results refer to spatial diver-
sity across Europe. The issue of changes and variability of this element was consid-
ered for the numerous measuring stations that were located in areas currently in
Poland (e.g. in Wroclaw, Gdańsk, Poznań, Puławy, and on Śnieżka). However, most
of the oldest studies presenting the variability of air temperature in different aspects
concerned Warszawa and, especially, Kraków (Kowalczyk 1881; Karliński 1868,
1876; Kuczyński 1884; Merecki 1899). Nowadays, these series have been subjected
to multiple detailed analyses. Studies for Kraków, edited by J. Trepińska (1997b),
and those for Warszawa, the author of which is H. Lorenc (Lorenc 2000), contain
their review. Owing to the complex history of measurements and observations, it is
worth mentioning the temperature series for Gdansk (Miętus 2007; Filipiak 2007).

Air humidity is an element that plays an important role among meteorological
processes within the atmosphere; however, the variety of humidity indices makes the
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global view of air moisture changes difficult to ascertain.Moreover, somemethodical
difficulties inmeasuring and computing particular air humidity parameters have been
often pointed out.

Despite the above-mentioned doubts about the reliability of the material at hand,
studies on trends and distribution of air humidity parameters, in both regional and
local aspects, have been conducted for many years. They present diurnal and annual
trends in relative air humidity, saturation deficit and, rarely, in vapour pressure. The
studies are most often excerpts from greater works, generally monographs of towns
or regions. The data used in them are measurement series no longer than 30 years.
Attempts to analyse the long-term variability of air humidity were based only on one
of the parameters, usually the relative air humidity, or on much shorter observation
series. The results describe tendencies at particular locations, and, up to the present,
no research concerning the whole area of Poland has been undertaken.

The oldest works, in accordance with global trends, comprised mostly measure-
ment and terminology problems (e.g. Gorczyński 1948; Demiańczuk 1963;
Janiszewski 1975). Some studies on annual and seasonal distribution of humidity
parameters were conducted on the regional or local scale (e.g. Wierzbicki 1878;
Gumiński 1927;Kosiba 1952;Michna 1972), also regarding urban climate conditions
(e.g. Tarajkowska 1974;Młostek and Sobik 1984;Gluza andKaszewski 1984;Kłysik
et al. 1985). Air humidity variability was seldom the topic of detailed examination
in Poland. Hohendorf was the first (1967, 1969) to take up this topic and described
changes in saturation deficit. B. Obrębska-Starklowa and A. Grzyborowska (1997)
presented the analysis of air humidity variability made for the plateau section of
the Raba River (relative air humidity in the period of 1971–1992), T. Bryś (2003)
described air saturation deficit variation in Wrocław over the twentieth century,
and A. Wypych (e.g. 2004, 2010) focused on long-term variability of air humidity
in Kraków, expressed by most of humidity parameters. Essentially, the conducted
studies confirmed the drying of the atmosphere.

The oldest paper on precipitation variability in Poland by Kremser (1884)
was based on chronological series starting in 1799 for Wroclaw. Further research
used the data from Warszawa (Wild 1887; Pietkiewicz 1889). Both authors found
spatial differentiation in temporal variability of precipitation between 1813 and
1887. Analysing almost 100-year long precipitation series from Warszawa (1803–
1910), Gorczyński (1911) established several precipitation epoch and mentioned
the periodic character of precipitation fluctuations. The Warszawa series (1811–
1910) was again analysed by Rychliński (1923a, b, 1924, 1927), who discussed
indices describing precipitation variability year by year and its periodicity. More-
over, Rychliński (1927) found a diminishing degree of pluvial continentality between
1811 and 1910. This result was later proved by Romer (1947a) who found increased
pluvial oceanity between1851 and1930 at some stations inEurope, includingPoland.

Theoldestworks on snow cover in thePolish area originated at the turn of the nine-
teenth and twentieth centuries (Satke 1899; Kamińska 1912). They were, however,
concerned mostly with the main characteristics of the snow cover and its physical
properties, sometimes in individual winter seasons (Satke 1896; Kosińska-Bartnicka
1924). Research on the long-term variability of snow cover began to develop only
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in the 1990s, with the progress of the investigations of the greenhouse effect and
global warming. The first work on this subject was often published in the confer-
ence materials (e.g. Głowicki 1996; Piotrowicz 1996; Falarz et al. 1998), or even
remained manuscripts (Głowicki and Jaskiewicz 1995). Detailed investigations of
the long-term variability of different characteristics of the snow cover in Poznań
for almost 70 winter seasons (1920/21-1989/90 with a war break) were conducted
(Szustakowska 1991; Bednorz 1999a). As a result, a statistically significant positive
trend of the period of potential snow cover duration in Poznań (3 days/10 years)
was discovered, among others. It was launched the first research on the influence of
atmospheric circulation on the snow cover long-term changes (Bednorz 1999b). A
comparison of changes in snow conditions was conducted in the centre of a large
city (Kraków) with the rural areas, resulting in a higher rate of decline in the values
of snow-related characteristics in the city centre compared with rural areas (Falarz
1998). In addition, research was carried out in the mountainous areas of Poland
(Głowicki 1996; Falarz et al. 1998). Within the 105-year snow cover series for the
Śnieżka summit, a downward trend of the number of days with snow cover to the
end of the 1930s, and a slight positive trend since the turn of the 1930s and 1940s
has been observed (Głowicki and Jaskiewicz 1995). Polish-Slovak studies of snow
cover on the southern and the northern slope of the Western Carpathians have shown
a small negative trend in the number of days with snow cover depth ≥ 20 cm and in
a maximum depth of snow in most of the investigated stations, except for the area
of the Tatra mountains (Falarz et al. 1998). Research has been also done on changes
and variability in snow conditions for skiing in the Polish Tatras (Falarz 1999).

Older climatological studies on spatial variability in the direction and speed of
wind in Poland include theworks of Stopa-Boryczka (1989),Niedzwiedz et al. (1985,
1995). At the end of the 1990s, research on climate change and variability in Poland
began to emerge. However, in the climatological literature, studies describing the
variability of temperature and precipitation in Poland dominate. Few items concern
the issue of wind speed variability. Kożuchowski (2004) studied the variability of
the speed of geostrophic wind and its components—meridian and zonal over Poland.
Lorenc (1996, 2012) noted the increase in incidence of strong winds and whirlwinds.
There are numerous publications concerning the forecasts of the change of wind field
over Europe. However, the wind speed changes developed by the IPCC (2007) are
not conclusive. Some models indicate an increase in the average and maximumwind
speeds over Northern and Central Europe, others a decrease in wind. However, all
forecasts developed by the IPCC highlight the possibility of a large seasonal wind
speed variation, which is associated with a change in the pressure field over the
Euro-Atlantic area.

The description of the occurrence of convective phenomena complements the
climate characteristics of a given area. These phenomena include, above all, thun-
derstorms, accompanied by strong wind gusts and precipitation including hail,
and tornadoes. Compared to most meteorological elements, the research of the
phenomena mentioned above does not use measurement data, but mainly visual
observations carried out at meteorological stations. Depending on the observation
period, the records of such observations were of a different nature and were subject
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to various changes. Until around the mid-twentieth century, descriptive characteris-
tics could be encountered, although symbols were more and more commonly used
in compliance with the rules for describing all atmospheric phenomena. Due to the
difficulty in accessing detailed descriptions of the phenomena under consideration
and the low level of importance attached to their relatively rare occurrence, the first
more comprehensive study of the occurrence of thunderstorms and tornadoes in
Poland appeared quite late. Initially, they were concerned about the occurrence of
individual phenomena or very short observation periods (Smosarski 1915). The work
of Wiszniewski (1949) is considered to be the first study in which longer observa-
tional series (1891–1930) was used, followed by the work of Stopa (1962, 1965)
which concerns thunderstorms occurring in Poland in 1946–1955. These studies
mainly took into account the spatial, annual and long-term diversity of thunder-
storm occurrences. Later on, in the 1990s interest in thunderstorms increased again
and the research was a continuation of the aforementioned works. However, while
conducting these studies special attention was paid to the long-term (since 1885)
changes in the occurrence of the described phenomenon (Bielec-Bąkowska 2003,
2013), to the synoptic conditions conducive to the formation of thunderstorms in
Poland (Kolendowicz 2005) and to forecasts of their occurrence (Grabowska 2005).
An important result of the research was the identification of thunderstorm regions
in Poland and the demonstration of the existence of a tendency that the number of
thunderstorm days varies depending on the region of the country. The majority of
stations with a drop in the number of days with a storm are located northwest of
the line connecting Śnieżka and Suwałki, while the remaining stations have posi-
tive trends. Recent advancements in technology have also facilitated instrumental
monitoring of thunderstorm activity within the use of lightning detection systems.
Thanks to PERUN network operating operationally in Poland since 2002, it was
possible to develop high-resolution thunderstorm climatologies and explore previ-
ously undiscovered aspects such as storm intensity or diurnal cycles (Taszarek et al.
2015; Czernecki et al. 2016).

The occurrence of tornadoes in the area of Poland is the least investigated. Most
of the works, including the earliest ones, were devoted to descriptions of individual
cases (Gumiński 1936; Parczewski and Kluźniak 1959). More detailed studies, often
covering longer periods of observation, were only started at the turn of the twenty-
first century. They concerned both the spatial and temporal diversity of tornadoes
(Lorenc 1996, 2012; Taszarek and Brooks 2015), environmental conditions in which
they occur most often (Taszarek and Kolendowicz 2013) and case studies (Taszarek
et al. 2016;Taszarek andGromadzki 2017; Pilguj et al. 2019).Unfortunately, the short
period from which reliable reports come from and spatial and temporal inhomogen-
ities do not allow to define reliable long-term trends in the frequency of tornadoes in
Poland.

Overall, only a few studies have been devoted to the occurrence of storm precipita-
tion, in particular hail events. The oldest studies include those devoted to hail tracks
and areas of their most frequent occurrence (Schmuck 1959; Zinkiewicz andMichna
1955; Koźmiński and Rytel 1963). In later years, studies on hail and other storm
precipitation types concerned mainly their long-term variability and diurnal cycles,
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as well as the circulation conducive to their occurrence (Twardosz et al. 2011; Suwała
2014). On their basis, it was found that themost characteristic feature of stormprecip-
itation is their annual course and the occurrence of clear fluctuations in long-term
variability of the number of days and the thunderstorm precipitation totals (Twardosz
et al. 2011; Bielec-Bąkowska 2014). However, apart from the southern regions of
Poland, it is difficult to indicate clear trends in their frequency over longer periods
of time (Twardosz et al. 2011; Bielec-Bąkowska 2014). In recent years, the applica-
tion of machine learning techniques in radar data and numerical weather prediction
models allowed for more detailed analysis of atmospheric potential for producing
hail events in Poland (Czernecki et al. 2019). The rapid development of the European
Severe Weather Database also enabled the assessment of large and very large hail
events over the course of a few recent years (Pilorz 2015).

Lisowski and Bartnicki (1935) analysed the mean number of days with fog,
for particular months, and for 19 localities. Their analyses covered additionally the
frequency of fog in the periods spring-summer and autumn-winter in 28 stations
placed in the areaswhich belonged to Poland before the SecondWorldWar.Gumiński
(1952a) studied the annual course of fog occurrence in central and eastern Poland
using data from the period 1929–1938. Prawdzic and Sucheta (1975) presented the
mean number of days with fog in particular months and for the whole year, for
15 stations in the Pomorze and Mazury regions, for the period 1951–1960, while
Piwkowski (1976) used data from 18 stations across the country and demonstrated
the annual course of fog occurrence and the frequency of their origin and duration
in seasons in the years 1961–1970. Morawska (1966) analysed data from the period
1861–1960 from Kraków and described multi-annual variability of the number of
days with fog, together with the relationship between fog frequency, wind speed and
air temperature. A similar study was published for Warsaw by Janiszewski (1967),
with the application of data from the period 1948–1962.

Research of long-term changes of bioclimatic conditions is undertaken only in
the last 20 years. Different biometeorological indices are used as the measures of
bioclimate. Such studies were done by few research teams, mostly in the Institute of
Geography and Spatial Organization of the Polish Academy of Sciences. As the first
studies of the changes of bioclimatic conditions have based on data from Jagiellonian
University station in Botanic Garden (UJBG) in Cracow. The data covered the period
of 1901–2000. As the bioclimatic measures, the authors (Błażejczyk et al. 2003)
have used Subjective Temperature (STI) and Insulation Predicted (Iclp) indices.
The changes in STI and Iclp were analysed on the background of changes in air
circulation. The research was continued by Błażejczyk and Twardosz (2010) who
have studied changes inWind Chill Temperature (WCT ),HUMIDEX, accepted level
of physical activity (MHR) as well as Physiological Subjective Temperature (PST )
and Physiological Strain (PhS) indices at UJBG station in Cracow in the longer
period of 1826–2006. Owczarek (2009) in her PhD thesis for the northern Poland
has applied data for the period 1951–2000 to analyse changes in PhS, HL, STI,
WCT and Heat Stress Index (HSI). In the last decade the changes of bioclimatic
conditions were studied by Bąkowska (2011) for Kołobrzeg, Poznań and Szczawno
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in the period 1951–2000. She has used PST, Iclp andMHR indices and furthermore—
the newly developed Universal Thermal Climate Index (UTCI). UTCI was also used
by Błażejczyk et al. (2015) and Kuchcik (2017) for the periods 1966–2012 and
1975–2014 as predictor of mortality risk in Poland.

The new definition of climate as a perennial weather regime (weather groups,
weather types) was defined in the 1920s by Wojejkow and then disseminated by
Fedorov. Nowadays, the weather types are understood as the result of: (1) genetic
weather classification, the starting point of which is the analysis of synoptic situa-
tions (synoptic weather types) or (2) morphological classifications, in which several
meteorological elements are analysed in total.

This second approach is the basis for research in complex climatology (a research
stream initiated by E.E. Fiedorow). In Poland, this research trend was devel-
oped among others by Gumiński (1952b), Zinkiewicz (1953), and Wodzińska and
Osuchowska (1963).

Nevertheless, the greatest contribution to learning about the Polish climate based
on the classification of weather types was made by Woś (1999, 2010). While the
frequency of occurrence of various weather types in Poland is well known, their
long-term variability and change in trends have not been analysed in detail. Only
Piotrowicz (2010) determined the variability of weather types in Kraków on the
basis of a 108-year series of measurements (1901–2008).

The issue of climate change and climate projections for the future based on
global climate models GCMs appeared in the scientific literature in the 1990s, along
with increasingly visible signals of global warming and after the first IPCC report.
Polish researchers have also taken up this topic. One of the first papers using global
climate models was the article by Gutry-Korycka et al. (1994). In this paper, the
authors used GCM models to predict changes in the spatial distribution of climate
variables in hydrological models.

In 2000, the results of research of the ACACIA project (A Concerted Action
Towards A Comprehensive Climate Impacts and Adaptations Assessment for the
EuropeanUnion)were published. This project assessed climate impacts and potential
adaptation inEuropeuntil the 2080 s (Parry 2000).ACACIAdeveloped four scenarios
on the basis of a combination of the UKCIP and SRES approaches. Temperature and
precipitation projections for Poland can be found among the results (average value
for the whole territory).

In the following years, European research projects enabled further development
of studies on climate projections for Poland at a much higher resolution. Thus,
projection results for Poland from theMICEandENSEMBLESprojects have become
available. While in the MICE project (Modelling the Impact of Climate Extremes),
the results from the Hadley Centre Regional Climate Model (HadRM3-P), with
spatial resolution 0.44° by 0.44°, were used in the analysis of future changes in
the characteristics of precipitation and temperature (e.g. Szwed et al. 2007), the
ENSEMBLES project (Ensembles-Based Predictions of Climate Changes and their
Impacts) produced a set of regional climate models RCMs, which cover Europe with
a spatial resolution of about 25 by 25 km and outline just one possible vision of the
future, corresponding to a specific SRES emission scenario, A1B. All in all, they
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also enabled the study of a greater number of climate variables (e.g. Van der Linden
and Mitchell 2009).

Other results of the current research of climate change and variability are discussed
in particular chapters of parts II–IV of the volume.
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Bąkowska M (2011) Zmienność dobowa, sezonowa i wieloletnia warunków biotermicznych w
Polsce. Doctoral dissertation, IGiPZ PAN, Warszawa

Balanzategui D, Knorr A, Heussner KU, Wazny T, Beck W, Słowiński M, Helle G, Buras A
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and climate in the 20th century, Studia Geograficzne, 75, Uniwersytet Wrocławski, 203–215

Büntgen U, Frank D, Kaczka RJ, Versteg A, Zwijacz-Kozica T, Esper J (2007) Growth responses
to climate in a multi—species tree—ring network in the Western Carpathian Tatra Mountians,
Poland and Slovakia. Tree Physiol 27:689–702

Cedro A (2004) Zmiany klimatyczne na Pomorzu Zachodnim w świetle analizy sekwencji przy-
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Degirmendžić J, Kożuchowski K, Żmudzka E (2004) Changes of air temperature and precipitation
in Poland in the period 1951–2000 and their relationship to atmospheric circulation. Int J Climatol
24:291–310
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Człowieka –OgólnopolskaKonferencja Naukowa -materiały konferencyjne, Łódź, 4–6 listopada
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meteorologicznych w Gdańsku, Monografie IMGW. Warszawa, 7–19

Milata W (1935) Meteorologiczne przyczyny powodzi w lipcu 1934 r. Czasopismo Geograficzne
13(3):273–282



24 M. Falarz et al.

Młostek E, Sobik M (1984) Usłovija vłažnosti vozducha w gorode v izbrannych sinopticzeskich
situacjach na primiere gorodaWrocława [w:] Mikroklimat i mezoklimat gorodskich aglomeracji,
Brno, 36–43

Morawska M (1963) Zachmurzenie i usłonecznienie Krakowa w latach 1859 − 1958, Prace PIHM,
81, 3–46, Wyd. Komunikacji i Łączności, Warszawa

Morawska M (1966) Mgły w Krakowie (1861–1960). Przegląd Geofizyczny 11:3
Morawska-Horawska M (1985) Cloudiness and sunshine in Cracow, 1861–1980, and its contem-
porary tendencies. J Climatol 5:633–642
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Europe.W: Obrębska-Starkel B, Niedźwiedź T (eds) Proceedings of the International Conference
Climate Dynamics and the Global Change Perspective, October 17–20 1995, Kraków, Zeszyty
Naukowe UJ - Prace Geograficzne 102:213–219
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B, Niedźwiedź T (ed) Proceedings of the international conference on climate dynamics and the
global change perspective, Cracow,October 17–20 1995, Zesz. Nauk.UJ, Pr. Geogr. 102:435–440

Piotrowicz K (2010) Sezonowa i wieloletnia zmienność typów pogody w Krakowie, IGiGP UJ,
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Starkel (ed) Geografia Polski, Środowisko Przyrodnicze, pp. 177–182. Wydawnictwo Naukowe
PWN; Warszawa [In Polish]

Ralska-Jasiewiczowa M, van Geel B, Goslar T, Kuc T (1992) The record of the Late
Glacial/Holocene transition in the varved sediments of Lake Gościąż, central Poland. Sveriges
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geograficznych w Polsce, z. 5, Wyd. UW

Suwała K (2014) Synoptyczne uwarunkowania występowania opadów gradu w Środkowej Europie.
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Faculty of Natural Sciences, Institute of Earth Sciences, University of Silesia in Katowice,
Katowice, Poland
e-mail: malgorzata.falarz@us.edu.pl

M. Opała-Owczarek
e-mail: magdalena.opala@us.edu.pl

Ł. Małarzewski
e-mail: lukasz.malarzewski@us.edu.pl

T. Niedźwiedź
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changes and variability of 36 climate characteristics for 14 climate elements, indices,
meteorological phenomena and weather types using data from 79 weather stations.
Most of the climate elements studied were analysed for the base period 1951–2018
(68 years). For some elements and indices shorter study periods were considered.
In addition, climate variability was analysed for 10 long measuring series up to
239 years. Variability of circulation indices over a period of 147 years (1873–2019)
was investigated as well. Uniform research methods common to all elements and
indices were used: (1) coefficient of variability (%), (2) absolute trend (unit/10y);
(3) relative trend (%/10y). Part IV of the book deals with projected changes in
temperature, precipitation and thermal indices related to the agriculture and energy
sectors. In this study, 8 regional climate models from the EURO-CORDEX exper-
iment were used for 2 representative concentration pathways: (1) corresponding to
radiative forcing value+4.5W.m−2 in 2100 (RCP4.5) and (2) corresponding to radia-
tive forcing value +8.5 W.m−2 in 2100 (RCP8.5) relative to pre-industrial values.
Two future time horizons were carried out for each concentration pathway: (1) near
future: 2021–2050 and (2) far future: 2071–2100 with reference to the period of
1971–2000. Future projections were created for: 8 characteristics of temperature,
10 characteristics of precipitation, 5 characteristics for agriculture indices and 4 for
energy demands indices.

The study covers the entire area of Poland.
Part II of the book presents the results of the study of climate change before instru-

mental measurements in Poland in the last millennium. Part of the chapter contains
the results of new studies, not yet published, which were carried out specifically for
the purposes of this book, andpart of the resultswere publishedpreviously or updated.
More than 50 proxy series including documentary evidences, dendrochronological
records and varved sediment recordswere analysed. On this basis, reconstructions of:
summer and winter air temperature, winter severity, precipitation (liquid and solid)
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e-mail: joanna.wibig@geo.uni.lodz.pl

mailto:zbigniew.ustrnul@uj.edu.pl
mailto:agnieszka.wypych@uj.edu.pl
mailto:janusz.filipiak@ug.edu.pl
mailto:joanna.wibig@geo.uni.lodz.pl


3 Data and Methods of Investigation 31

and droughts were performed. A detailed description of the investigation methods is
contained in Part II.

Part III is the most extensive part of the book. It analysed the long-term changes
and variability of 36 climate characteristics for 14 climate elements, indices, meteo-
rological phenomena and weather types using data from 79 weather stations, i.e. 77
stations of the Institute of Meteorology andWater Management—National Research
Institute (IMWM-NRI) and 3 university stations (Tables 3.1 and 3.2). This part of
the book contains mostly the results of new research, not yet published, conducted
specifically for the purposes of this book. Up to 14 climate elements were studied
at each meteorological station (Fig. 3.1). Most of the climate elements studied were
analysed for the base period 1951–2018 (68 years). However, for some elements and
indices, shorter study periods were considered. Test periods for particular elements,
indices, meteorological phenomena, weather types are as follows:

• 1951 (1950)–2018, i.e. 68 years, for: cloudiness, air temperature, air humidity,
precipitation, snow cover, thunderstorms and bioclimatic indices;

• 1961–2018, i.e. 58 years, for weather types;
• 1966–2018, i.e. 53 years, for air pressure, wind, hail and fog,
• 1971–2018, i.e. 48 years, for sunshine,
• different periods: 19 (2000–2018) to 36 years (1983–2018) for solar radiation

(Table 3.3).

In addition, climate variability was analysed for 10 long measuring series in:

• Warszawa: from 115 years (1904–2018) to 239 years (1780–2018)—for 2 climate
elements,

• Kraków Obs. UJ: from 98 years (1921–2018) to 227 years (1792–2018)—for 9
climate elements,

• Śnieżka: 118 years (1901–2018)—for 1 climate element,
• Zakopane: 105 years (1914–2018)—for 1 climate element,
• Toruń: 99 years (1920–2018)—for 1 climate element,
• Poznań: 99 years (1920–2018)—for 1 climate element,
• Puławy: 98 years (1921–2018)—for 2 climate elements,
• Kalisz: 97 years (1922–2018)—for 1 climate element,
• Gdynia: 95 years (1924–2018)—for 1 climate element,
• Kasprowy Wierch: 81 years (1938–2018)—for 1 climate element.

Moreover, variability of circulation indices over a periodof 147years (1873–2019)
was investigated.

The missing data shown in column data filled of Table 3.3 were completed for
years and seasons by methods of differences, quotients and regression analysis based
on available data from neighbouring stations.

Most weather stations are located below 200 m above sea level (54 stations;
Fig. 3.2). Seven stations are located at the altitude of 200 to 300 m, 5 stations at the
altitude of 300 to 500 m, 4 stations at 500–1000 m and 3 stations—above 1000 m.
The lowest stations are Hel and Szczecin-Dąbie in the coast (1 m above sea level),
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Table 3.1 Meteorological stations used in Part III—geographical coordinates and altitude

Ordinal
number

WMO
number

Station Longitude
λ E

Latitude
ϕ N

Altitude
[m above
sea level]

1 123902 Białowieża 23°51′ 52°42′ 163

2 12295 Białystok 23°10′ 53°06′ 148

3 122802 Biebrza 22°36′ 53°39′ 115

4 12600 Bielsko-Aleksandrowice 19°00′ 49°48′ 398

5 12235 Chojnice 17°33′ 53°43′ 164

6 12550 Częstochowa 19°06′ 50°49′ 293

7 126802 Dynów 22°14′ 49°50′ 260

8 12160 Elbląg-Milejewo 19°26′ 54°10′ 40

9 * Gaik-Brzezowa 20°04′ 49°52′ 259

10 12140 Gdańsk-Port Pn. 18°42′ 54°24′ 2

11 121402 Gdynia 18°33′ 54°31′ 5

12 12300 Gorzów Wlkp. 15°17′ 52°45′ 72

13 129628 Hala Gąsienicowa 20°00′ 49°15′ 1520

14 12135 Hel 18°49′ 54°36′ 1

15 126518 Jabłonka 19°42′ 49°28′ 615

16 12500 Jelenia Góra 15°48′ 50°54′ 342

17 12435 Kalisz 18°05′ 51°47′ 138

18 12650 Kasprowy Wierch 19°59′ 49°14′ 1991

19 12560 Katowice 19°02′ 50°14′ 284

20 12185 Kętrzyn 21°22′ 54°04′ 108

21 12570 Kielce-Suków 20°42′ 50°49′ 260

22 12520 Kłodzko 16°37′ 50°26′ 356

23 12345 Koło 18°40′ 52°12′ 116

24 12100 Kołobrzeg 15°35′ 54°11′ 3

25 123403 Kołuda Wielka 18°09′ 52°44′ 85

26 12105 Koszalin 16°09′ 54°12′ 33

27 123305 Kórnik 17°06′ 52°15′ 77

28 12566 Kraków Balice 19°48′ 50°05′ 237

29 125511 Kraków Obs. UJ 19°58′ 50°04′ 206

30 12670 Krosno 21°46′ 49°43′ 326

31 126623 Krynica 20°58′ 49°25′ 585

32 123603 Legionowo 20°58′ 52°24′ 94

33 12415 Legnica 16°12′ 51°12′′ 122

34 12690 Lesko 22°21′ 49°28′ 420

35 12418 Leszno 16°32′ 51°50′ 91

(continued)
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Table 3.1 (continued)

Ordinal
number

WMO
number

Station Longitude
λ E

Latitude
ϕ N

Altitude
[m above
sea level]

36 12125 Lębork 17°45′ 54°33′ 39

37 121601 Lidzbark Warm. 20°36′ 54°08′ 90

38 12495 Lublin-Radawiec 22°24′ 51°13′ 238

39 12120 Łeba 17°32′ 54°45′ 2

40 12465 Łódź 19°24′ 51°44′ 187

41 12280 Mikołajki 21°35′ 53°47′ 127

42 12270 Mława 20°21′ 53°06′ 147

43 12660 Nowy Sącz 20°42′ 49°37′ 292

44 126516 Obidowa 19°58′ 49°33′ 805

45 12272 Olsztyn 20°25′ 53°46′ 133

46 12530 Opole 17°58′ 50°38′ 165

47 12230 Piła (Wałcz) 16°45′ 53°08′ 72

48 12360 Płock 19°44′ 52°35′ 106

49 12330 Poznań 16°51′ 52°25′ 83

50 124503 Puczniew 19°05′ 51°47′ 140

51 124705 Puławy 21°58′ 51°22′ 142

52 123701 Pułtusk 21°06′ 52°44′ 95

53 12540 Racibórz 18°12′ 50°09′ 205

54 124251 Radzyń 16°02′ 51°52′ 60

55 12210 Resko-Smólsko 15°25′ 53°46′ 52

56 12580 Rzeszów 22°03′ 50°06′ 200

57 12585 Sandomierz 21°43′ 50°42′ 217

58 12385 Siedlce 22°15′ 52°11′ 152

59 124601 Skierniewice 20°10′ 51°58′ 128

60 12310 Słubice 14°36′ 52°21′ 21

61 ** Sosnowiec 19°08′ 50°17′ 262

62 12469 Sulejów 19°52′ 51°21′ 188

63 12195 Suwałki 22°57′ 54°08′ 184

64 12205 Szczecin-Dąbie 14°37′ 53°24′ 1

65 123801 Szepietowo 22°33′ 52°51′ 150

66 12510 Śnieżka 15°44′ 50°44′ 1603

67 12200 Świnoujście 14°14′ 53°55′ 6

(continued)
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Table 3.1 (continued)

Ordinal
number

WMO
number

Station Longitude
λ E

Latitude
ϕ N

Altitude
[m above
sea level]

68 12575 Tarnów 20°59′ 50°02′ 209

69 12399 Terespol 23°37′ 52°04′ 133

70 12250 Toruń 18°35′ 53°02′ 69

71 12115 Ustka 16°52′ 54°35′ 6

72 123604 Warszawa-Bielany 20°58′ 52°17′ 98

73 12375 Warszawa-Okęcie 20°58′ 52°10′ 106

74 123206 Wielichowo 16°21′ 52°07′ 65

75 12455 Wieluń 18°34′ 51°13′ 200

76 12497 Włodawa 23°32′ 51°33′ 177

77 12424 Wrocław 16°59′ 51°08′ 116

78 12625 Zakopane 19°57′ 49°18′ 857

79 12400 Zielona Góra 15°32′ 51°56′ 192

*Station of Jagiellonian University
**Station of University of Silesia in Katowice

while the highest—KasprowyWierch summit in the Tatra-Mountains (1991m above
sea level).

The analysis of climate change was carried out for the whole year and for four
seasons: spring (Mar–May), summer (Jun–Aug), autumn (Sep–Nov) and winter
(Dec–Feb). For a few elements, the trend analysis was done for both the entire
baseline research period (1951–2018) and for its first (1951–1983) and the second
half (1984–2018).

In Part III, uniform research methods common to all elements and indices were
used:

• coefficient of variability (%), i.e. expressed as a percentage ratio of the standard
deviation and arithmetic mean of the analysed characteristics;

• absolute trend (unit/10y) obtained by regression analysis with the determination
of the statistical significance of the trend for the 0.05 level;

• relative trend (%/10y) expressed as a percentage ratio of linear trend value per
10 years and the average long-term value of investigated characteristic at the
weather station.

The results of the studies are presented in tables, maps and figures. Detailed
methods, specific to particular climate elements and indices are described in the
chapters dedicated to them.

Part IV of the book dealswith projected changes in temperature, precipitation and
thermal indices related to the agriculture and energy sectors. This section contains
only the results of new studies, not yet published, conducted for the purposes of this
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Table 3.2 Elements, indices, meteorological phenomena with characteristics analysed in Part III

No. Element, index, meteorological phenomena Characteristic

1 Atmospheric circulation Index of zonal westerly circulation (Wi)

2 Index of meridional southern circulation
(Si)

3 Cyclonicity index (Ci)

4 Atmospheric pressure Extreme values of atmospheric pressure

5 Number of days with pressure ≤990 hPa
and ≥1030 hPa

6 Solar radiation Totals of global solar radiation

7 Sunshine Actual sunshine duration

8 Relative sunshine duration

9 Number of days without sunshine

10 Cloudiness Total cloudiness

11 Number of clear days

12 Number of cloudy days

13 Frequency of cloud types

14 Air temperature Mean air temperature

15 Extreme daily air temperatures

16 Number of days with the particular air
temperature thresholds

17 Humidity Specific humidity

18 Relative humidity

19 Precipitation Total precipitation

20 Number of days with precipitation

21 Snow cover Number of days with snow cover

22 Maximum depth of snow cover

23 Wind Average wind speed

24 Frequency of calms

25 Frequency of wind in different speed
classes

26 Wind direction

27 Extreme wind speed

28 Thunderstorms Number of days with thunderstorms

29 Tornadoes Number of days with tornadoes

30 Hail Number of days with hail

31 Fog Number of days with fog

32 Number of fogs of a given duration

(continued)
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Table 3.2 (continued)

No. Element, index, meteorological phenomena Characteristic

33 Number of fogs of a given intensity

34 Bioclimatic indices Universal Thermal Climate Index
(UTCI)

35 Physiological Subjective Temperature
(PST)

36 Weather types Number of days with particular weather
types

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28 29
30

31

32

33

34

35

36 37

38

39

40

41

42

43
44

45

46

47

4849

50
51

52

53

54

55

56

57

58
59

60

61

62

63

64

65

66

67

68

69

70

71

72
73

74

75

76

77

78

79

Number of elements:
7-10

4-6
1-3

11-14

Fig. 3.1 Meteorological stations used in Part III. Number of meteorological elements, indices,
phenomena, etc., considered at each station is given. The numbers correspond to the ordinal number
assigned to a given station in Table 3.1

book. In this study, 8 regional climate models from the EURO-CORDEX experiment
were used for 2 representative concentration pathways: (1) corresponding to radiative
forcing value +4.5 W.m−2 in 2100 (RCP4.5) and (2) corresponding to radiative
forcing value +8.5 W.m−2 in 2100 (RCP8.5) relative to pre-industrial values. Two
future time horizonswere carried out for each concentration pathway: (1) near future:
2021–2050 and (2) far future: 2071–2100 with reference to the period of 1971–2000.
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Fig. 3.2 Altitude distribution of meteorological stations used in Part III

Future projections were created for: 8 characteristics of temperature, 10 charac-
teristics of precipitation, 5 characteristics for agriculture indices and 4 for energy
demand indices (Table 3.4). A detailed description of the investigated methods for
future climate changes can be found in Part IV.
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Table 3.4 Elements and indices with characteristics analysed in Part IV

No. Element, index Characteristics

1 Temperature Mean annual temperature

2 Absolute maximum temperature

3 Absolute minimum temperature

4 The largest number of consecutive days with maximum
temperature >30 °C

5 Mean number of days with minimum temperature >20 °C

6 Mean number of days with both maximum temperature >30 °C
and minimum temperature >20 °C

7 Mean number of days with minimum temperature <0 °C

8 Mean number of days with minimum temperature <−15 °C

9 Precipitation Mean annual precipitation totals

10 Maximum 24-hour precipitation totals

11 Maximum 3-day precipitation totals

12 Number of 3-day periods with precipitation totals >50 mm for
30 years

13 Number of consecutive wet days (CWD)

14 Number of consecutive dry days (CDD)

15 Number of wet periods longer than 5 days for 30 years

16 Simple daily intensity index (SDII)

17 Number of days with intense precipitation (≥20 mm per day)

18 Period with daily precipitation amounts <1 mm and maximum
daily temperature ≥30 °C

19 Agriculture indices Growing season length (GSL)

20 Beginning of growing season (GSB)

21 Length of frost-free period (FFP)

22 Growing degree days for the threshold 5 °C (GDD5)

23 Growing degree days for the threshold 10 °C (GDD10)

24 Energy demands indices Annual sums of heating degree days (HDD)

25 The highest daily sum of heating degree days (HDDmax)

26 Annual sums of cooling degree days (CDD)

27 The highest daily sum of cooling degree days (CDDmax)



Chapter 4
Homogeneity of Climate Series

Małgorzata Falarz, Joanna Wibig, Dorota Matuszko, Janusz Filipiak,
Monika J. Hajto, Mateusz Taszarek, Zuzanna Bielec-Bąkowska,
Agnieszka Wypych, and Zbigniew Ustrnul

Abstract Analyses of homogeneity of climate series and correction of heteroge-
neous series were undertaken in order to avoid making incorrect conclusions about
climate change in Poland. The climate series homogenisation procedurewas typically

M. Falarz (B) · Z. Bielec-Bąkowska
Faculty of Natural Sciences, Institute of Earth Sciences, University of Silesia
in Katowice, Katowice, Poland
e-mail: malgorzata.falarz@us.edu.pl

Z. Bielec-Bąkowska
e-mail: zuzanna.bielec-bakowska@us.edu.pl

J. Wibig
Faculty of Geographical Sciences, Department of Meteorology and Climatology,
University of Lodz, Łódź, Poland
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carried out in several stages: (1) collecting information on the history of meteoro-
logical stations (metadata), especially on significant changes in their location and
measurements methods; (2) selecting the test for homogeneity control, calculating
values of the test, selecting series with test values exceeding the specified critical
level; (3) correction of non-homogeneous series; (4) recheck of the revised series.
The correction of the climatic series analysed for the purposes of this book was
carried out using various methods, specific to the climate element analysed. The
most common was the relative and absolute Alexandersson test (Standard Normal
Homogeneity Test, SNHT). Themost common reasons for breaking the homogeneity
of the climatic series were a significant change of station location and a change of the
measuring instrument. However, inmany cases, the cause of the series’ heterogeneity
is not clear.

Various changes during the history of meteorological stations can be the cause of
loss of climate series homogeneity. The reasons for the heterogeneity of the series
may be:

• a change of the location of themeteorological station (especially with a significant
shift associated with a change in the height of the station above sea level),

• a change of the type of measuring instrument (in particular related to the
replacement of a traditional instrument with an automatic instrument),

• a change in the environment of the measuring station (e.g. as a result of the
development of the city, the creation of a water reservoir near the station),

• a change in the dates of measurements and observations,
• a change of methods of observation,
• a change of units of measured climatic elements;
• a change of the calculation method of the daily mean of any climatic element,
• a change of an observer(s) (in particular when assessing the state of the climate

element observed subjectively, without the use of a measuring instrument, as in
the case of cloud cover).

Themonitoring of the homogeneity of the climate series and its possible correction
are therefore indispensable in the analysis of climate change and variability: it makes
it possible to draw appropriate conclusions on the trends of the various elements of
the climate. The climate series homogenisation procedure is usually carried out in
several stages: (1) collecting information on the history of meteorological stations
(metadata), especially on significant changes in their location and measurements
methods; (2) selecting the test for homogeneity control, calculating values of the test,
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e-mail: mateusz.taszarek@amu.edu.pl

mailto:mateusz.taszarek@amu.edu.pl


4 Homogeneity of Climate Series 47

selecting series with test values exceeding the specified critical level; (3) correction
of non-homogeneous series; (4) recheck of the revised series.

The correction of the climatic series analysed for the purposes of this book was
carried out using various methods specific to the climate element analysed. The most
common was the relative and absolute Alexandersson test (Alexandersson 1986;
Alexandersson and Moberg 1997). This chapter presents the results of the analysis
of the homogeneity of climate series for selected climate elements.

Average daily values of air pressure reduced to sea level were used for the study
of pressure changes in Poland. Air pressure reduction to sea level did not affect the
homogeneity of the measurement series. Only at the stations located over 500 m
above sea level were the values measured at the station level. Measurement data
from stations with full observation series were selected for the study. The very few
cases of missing or incorrect data from one or several days were supplemented by
comparing values from a few of the nearest stations and by analysing synoptic maps.
In the case of three stations, the missing data concerned longer periods over one or
two years. In these cases, only monthly average values were supplemented.

In addition to natural factors, i.e. astronomical, geographical and meteorological,
measuring sunshine duration can also be influenced by instrumental and method-
ological elements related to the recording of sunshine duration. The magnitude of
recorded sunshine duration can depend on the type of paper used in heliographic
strips (colour of strips, accuracy of printing the bar scale, and paper grade), the prop-
erties of glass (transparency, colouring, scratching) of heliographic balls, as well
as the professionalism of observers who manage the purity of the ball, exchange
the strips, and interpret heliograms. In general, automatic measurements are more
objective. They do not require the direct presence of an observer, and the results
are easier to archive and send. However, in automatic measurement series, there are
sometimes gaps and incorrect data due to instrument failure, power outage, or as a
result of instrumental errors.

Of the initial number of 45 stations, data from 31 stations (Table 4.1) that had
continuous series or slight deficiencies were used in the final analysis. At some
stations, the measurement of sunshine duration began in 1966, but in recent years,
due to the change of instrument, large data gaps have arisen. Examples are the mete-
orological stations, among others, in Lębork, Hel, Resko, Szczecinek, Ostrołęka,
Leszno, Wieluń, Racibórz, Rzeszów, Bielsko Biała, and Nowy Sącz. Data verifica-
tion was carried out at the level of daily totals and any possible deficiencies were
supplemented using the method of similarity with the nearest station. Errors in the
values of daily sunshine duration consisting in exceeding the length of the day were
eliminated using the method of Forsythe et al. (1995).

For the series of data from the stations where the measuring instrument was
changed in 2014, a statistical analysis (linear trends, slope coefficients, and their
statistical significance (pv values) was performed, which showed that extending the
Campbell-Stokes data with converted automatic data is, in most cases, insignificant,
i.e. both regression lines (i.e. of not extended and extended series) practically overlap.
This is similar for monthly sunshine duration trends. At four stations (Kasprowy
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Table 4.1 Homogenisation procedure for inhomogeneous series of sunshine duration

Station Method used for
the detection and
correction of
series
inhomogeneity

The first year
after
homogeneity
breaking

Station used for
correction of
inhomogeneity

The cause of the
break of series
homogeneity;
other remarks

Białystok 1. Method of
stability of a
linear trend

2. method of
similarity

2014 Biebrza Change of
instrument: 1
January 2014; no
data for 11 days in
2016–2018

Chojnice 1. Method of
stability of a
linear trend

2. exceeding the
duration of the
day (Forsythe
et al. 1995)

2014 Change of
instrument: 1 July
2014; exceeding
the duration of the
day

Gaik—Brzezowa 1. Method of
similarity

2. exceeding the
duration of the
day

1973 Kraków Obs. UJ No data for 6 days
in 1973, exceeding
the duration of the
day

Gdynia 1. Exceeding the
duration of the
day

Exceeding the
duration of the day

Gorzów Wlkp. 1. Method of
stability of a
linear trend

2014 Change of
instrument: 1 April
2014

Jelenia Góra 1. Method of
stability of a
linear trend

2. method of
similarity

3. exceeding the
duration of the
day

2011 Radzyń Change of
instrument: 1
September 2011.,
no data for 44 days
in 2012–2014,
2017, exceeding
the duration of the
day

Kalisz 1. Method of
stability of a
linear trend

2. exceeding the
duration of the
day

2014 Change of
instrument: 1 April
2014., exceeding
the duration of the
day

Kasprowy Wierch 1. Method of
similarity

2. exceeding the
duration of the
day

2009 Zakopane No data for
10 days in 2009,
2015–2018,
exceeding the
duration of the day

(continued)
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Table 4.1 (continued)

Station Method used for
the detection and
correction of
series
inhomogeneity

The first year
after
homogeneity
breaking

Station used for
correction of
inhomogeneity

The cause of the
break of series
homogeneity;
other remarks

Katowice 1. Method of
stability of a
linear trend

2. method of
similarity

2014 Kraków Obs. UJ Change of
instrument: 1
January 2014, no
data for 1 day in
2018

Kłodzko 1. Method of
stability of a
linear trend

2011 Change of
instrument: 1
September 2011.

Kołobrzeg 1. Method of
stability of a
linear trend

2014 Change of
instrument: 17
September 2014

Koszalin 1. Method of
stability of a
linear trend

2. method of
similarity

3. exceeding the
duration of the
day

2011 Kołobrzeg Change of
instrument: 1
September 2011.,
no data for 4 days
in 2016, exceeding
the duration of the
day

Lesko 1. Method of
stability of a
linear trend

2. method of
similarity

2014 Nowy Sącz Change of
instrument: 1
January 2014., no
data for 3 days in
2018

Łódź
Lublinek

1. Method of
stability of a
linear trend

2. method of
similarity

3. exceeding the
duration of the
day

2013 Kalisz Change of
instrument: 1
November 2013.,
no data for 9 days
in 2013, 2015,
exceeding the
duration of the day

Mikołajki 1. Method of
stability of a
linear trend

2. method of
similarity

2014 Biebrza Change of
instrument: 1
January 2014., no
data for 5 days in
2014

Nowy Sącz 1. Method of
stability of a
linear trend

2. exceeding the
duration of the
day

2014 Change of
instrument: 1
November 2014.,
exceeding the
duration of the day

(continued)



50 M. Falarz et al.

Table 4.1 (continued)

Station Method used for
the detection and
correction of
series
inhomogeneity

The first year
after
homogeneity
breaking

Station used for
correction of
inhomogeneity

The cause of the
break of series
homogeneity;
other remarks

Opole 1. Method of
stability of a
linear trend

2. method of
similarity

2014 Katowice Change of
instrument: 1
January 2014., no
data for 4 days in
2017

Poznań 1. Exceeding the
duration of the
day

Exceeding the
duration of the day

Puławy 1. Method of
similarity

2. exceeding the
duration of the
day

2013 Warszawa -
Bielany

No data for 4 days
in 2013, 2015,
exceeding the
duration of the day

Suwałki 1. Method of
stability of a
linear trend

2. method of
similarity

3. exceeding the
duration of the
day

2014 Biebrza Change of
instrument: 1
January 2014., no
data for 1 day in
2017, exceeding
the duration of the
day

Szczecin Dąbie 1. Method of
stability of a
linear trend

2. method of
similarity

2014 Kołobrzeg Change of
instrument: 1
January 2014, no
data for 3 days in
2011, 2018

Śnieżka 1. Method of
similarity

2009 Kłodzko No data for
22 days in 2009

Tarnów 1. Method of
stability of a
linear trend

2014 Change of
instrument: 19
December 2014.

Terespol 1. Method of
stability of a
linear trend

2. method of
similarity

3. exceeding the
duration of the
day

2014 Warszawa -
Bielany

Change of
instrument: 1
January 2014., no
data for 10 days in
2015, 2016,
exceeding the
duration of the day

Warszawa Bielany 1. Exceeding the
duration of the
day

Exceeding the
duration of the day

(continued)
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Table 4.1 (continued)

Station Method used for
the detection and
correction of
series
inhomogeneity

The first year
after
homogeneity
breaking

Station used for
correction of
inhomogeneity

The cause of the
break of series
homogeneity;
other remarks

Wielichowo 1. Method of
similarity

2. exceeding the
duration of the
day

2010 Poznań No data for
39 days in 2010,
exceeding the
duration of the day

Włodawa 1. Method of
stability of a
linear trend

2. method of
similarity

2014 Puławy Change of
instrument: 1
January 2014., no
data for 20 days in
2015

Zakopane 1. Method of
stability of a
linear trend

2014 Change of
instrument: 1
January 2014

Zielona Góra 1. Method of
stability of a
linear trend

2011 Change of
instrument: 1
September 2011

Wierch, Kraków, Gorzów, Warszawa-Bielany) simultaneous comparative measure-
ments of CSD and the Campbell-Stokes heliograph were carried out. An analysis of
these data did not show the need for the application of any corrective coefficients,
either.

The problem of homogenisation of the series of sunshine duration records in
Poland is the subject of a separate, extensive article that is being prepared. It is worth
noting that:

– the instruments have been replaced, but not at all meteorological stations;
– if the replacement occurred, it occurred in 2014, which means a 5-year period of

automatic measurement in the 48-year period (1971–2018), which is 10.4% of
the data length,

– the average differences between automatic and manual instrument do not have
the same sign for all stations and amount only to a few percent, which does not
change the sign and value of the slope of temporal trends. Such small differences
are also confirmed by the results of other comparative analyses, e.g. Matuszko
and Nowak (2017), Urban and Zając (2017), and Valík et al. (2019).

The analysed data series on cloudiness were gathered during visual observations
with no use of automaticmethods of cloudinessmeasurement. Thus, it is necessary to
use caution when interpreting such researchmaterials in comparison with those gath-
ered using automatic measurements. Credibility of such observation data depends on
numerous factors such as the place of observation, observing method used, and the
way of data coding. Those aspects may be categorised as external factors affecting



52 M. Falarz et al.

the process of data collection. On the other hand, there are also internal conditions
that alter the observation process. They include individual skills and habits of the
observer, whomay have learnt some observation patterns from the former employees
of a given station. On the whole, it is relatively insignificant when assessing cloud
amount. However, it may affect the observation results when estimating types of
clouds, which has already been confirmed by the Polish NationalMeteorological and
Hydrological Service (Institute of Meteorology and Water Management—National
Research Institute, IMGW-PIB) on the basis of some internal audits. Although it does
not negatively affect the analyses concerning types of clouds observed at different
levels, it does alter the appearance frequency of particular numbers of the synoptic
code FM12 referring to the codes of CL, CM, and CH (for instance Filipiak andMiętus
2009).

When analysing homogeneity of cloudiness data the Standard Normal Homo-
geneity Test (SNHT) by Alexandersson (1986; Alexandersson and Moberg 1997)
was implemented in both methods of the analysis: SNHT Single Series and SNHT
Alexandersson test (relative method). This procedure was implemented as there was
a possibility of systemic data homogeneity disruption resulting from changes in the
observation procedure. At the synoptic stations total cloud cover has been measured
in oktas since 1 January 1966, while at the climatological stations oktas were intro-
duced several dozen years later—on 1 January 1989. Moreover, the data gathered by
the climatological stations had to be additionally verified in order to check whether
the time change in evening observations, described in the chapterCloudiness change,
has influenced the data quality or not. Verifying each and every data series in both
ways has to identified potential systemic errors, such as the above-mentioned change
of the general cloudiness measuring method.

Nonetheless, the data homogeneity disruption resulting from the observation
procedure change was not common at all analysed synoptic stations. Furthermore, it
was observed only in two particular months—March and September (Table 4.2). A
number of disruptions were also observed in June. However, all analysed climato-
logical stations experienced data homogeneity disruption resulting from the change
in the observation method. The change in time of the evening observation did not
significantly affect the data homogeneity.

In some cases, the reasons behind the data homogeneity disruption were impos-
sible to determine. Sometimes it was simply impossible to verify the history of
observations made at the particular station. Full sets of metadata were only available
for selected stations, especially those located in northern Poland.

There were few cases of data drift—systematic overestimating of the data in
comparison to regional average values—for example at the climatological station in
Gdynia (Fig. 4.1) and at the synoptic stations in Kielce (Fig. 4.2) and Tarnów.

The data series of air temperature included in the work are fully verified and
provide the basis for a reliable assessment of the trends in the occurrence of temper-
ature extremes. Of the known stations with a history of up to 200 years, which have
been scientifically researched and for which data quality control and homogenisa-
tion analyses have been made, the following should be mentioned first: Warszawa,
Kraków, Gdańsk, Wrocław, and Poznań.
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Table 4.2 The list of detected inhomogeneity in data series concerning cloudiness

Station Period of
heterogeneity

Method used
for detection
and
correction of
data
homogeneity

The first year
after data
homogeneity
disruption
and the
period for
which the
data was
corrected

Stations
(regions) used
when restoring
data
homogeneity (in
the case of the
relative method)

The cause of the
break of series
homogeneity; other
remarks

Synoptic stations (first and second row stations)

Koszalin,
Łeba,
Świnoujście,
Resko,
Gorzów
Wlkp.,
Słubice,
Zielona
Góra,
Legnica,
Jelenia
Góra,
Tarnów

March SNHT
Single Series

1966,
1951–1965

– Changes in
observation
practice—transition
from the decile
scale to the okta
scale

Resko,
Chojnice,
Olsztyn,
Gorzów
Wlkp.,
Słubice,
Leszno,
Wrocław,
Kalisz,
Lublin,
Jelenia
Góra,
Kłodzko,
Opole,
Tarnów

September SNHT
Single Series

1966,
1951–1965

–

Lesko 1966,
1955–1965

Koszalin,
Łeba,
Olsztyn,
Kalisz,
Lublin,
Jelenia
Góra,
Sandomierz,

June SNHT
Single Series

1980,
1951–1979

– Unknown

(continued)
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Table 4.2 (continued)

Station Period of
heterogeneity

Method used
for detection
and
correction of
data
homogeneity

The first year
after data
homogeneity
disruption
and the
period for
which the
data was
corrected

Stations
(regions) used
when restoring
data
homogeneity (in
the case of the
relative method)

The cause of the
break of series
homogeneity; other
remarks

Kętrzyn 1980,
1966–1979

Kołobrzeg April–August SNHT 1988,
1951–1987

Southern Baltic
Coastlands
Region

Unknown, data
overestimated

Łeba May 1960,
1951–1959

Changes to the
order of the station,
data
underestimated

Hel June 1971,
1951–1970

Unknown, data
underestimated

Świnoujście Months of
cold half-year

1951–2018

Legnica August,
October

1994,
1995–2014

Central Poland
Lowlands,
Podlasie-Belarus
Heights and
Polesie Region

Changes to the
order of the station,
data
underestimated

Opole June 1984,
1951–1983

Unknown, data
underestimated

July 1992,
1951–1991

October 1992,
1951–1991

Wrocław June 1984,
1951–1983

October 1996,
1951–1995

Sulejów April 1965,
1962–1964

Polish Uplands
Region

June 1971,
1962–1970

Kielce All months 1951–2018 Unknown, data
overestimated

Tarnów All months 1951–2014 Northern
Subcarpathians
Region

Unknown, data
underestimated

Lesko June 1969,
1955–1968

Carpathians
Region

(continued)
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Table 4.2 (continued)

Station Period of
heterogeneity

Method used
for detection
and
correction of
data
homogeneity

The first year
after data
homogeneity
disruption
and the
period for
which the
data was
corrected

Stations
(regions) used
when restoring
data
homogeneity (in
the case of the
relative method)

The cause of the
break of series
homogeneity; other
remarks

Climatological stations (third and fourth row stations)

Gdynia All months SNHT
Single Series

1989,
1951–1988

– Changes in
observation
practice

All months SNHT 1951–2018 Southern Baltic
Coastlands
Region

Unknown

Puławy All months SNHT
Single Series

1989,
1951–1988

– Changes in
observation
practice

All months SNHT 1951–2018 Polish Uplands
Region

Unknown

Jabłonka All months SNHT
Single Series

1989,
1961–1988

– Changes in
observation
practice

All months SNHT 1961–2018 Carpathians
Region

Unknown

Fig. 4.1 The average annual total cloud cover at the climatological station inGdynia in the period of
1951–2014: a—before homogenisation and b—after homogenisation. The horizontal lines depict
values of the arithmetic average during the periods before (the red line) and after (the green line) the
data homogeneity disruption. The blue line in Fig. 4.1b marks the data series for Southern Baltic
Coastlands Region



56 M. Falarz et al.

Fig. 4.2 The average annual total cloud cover at the synoptic station in Kielce in the period of
1951–2018: a—before homogenisation and b—after homogenisation. The black line marks the
data series gathered in Kielce; the blue one the series for Polish Uplands Region

Monthly relative humidity series were examined for homogeneity using the
standard normal homogeneity test (SNHT). In this study, reference series have been
built from five stations, based on correlation coefficient equal to or higher than 0.7
(Tuomenvirta 2002). The critical level of the test was 95% with the critical value of
the SNHT statistic T equal to 8.784 (Khaliq and Quarda 2007). At 41 stations, at
least one inhomogeneity in the monthly time series was found. In total, 25% of all
monthly time series were homogenised, and the adjusted time series were used in
the further analyses.

Observations and measurements of snow cover are simple, although they can be
fraught with a certain amount of subjectivity in assessing the land area occupied by
the snow layer, and thus, classification of the element as: continuous snow cover
(area occupied equal to 100%), snow cover breaks (100% > area ≥50%) or snow
cover patches (area < 50%). This can be the reason for heterogeneity of a series of
snow cover when changing the observer at the weather station. However, until the
early years of the twenty-first century, the main cause of breaking the homogeneity
of the snow cover series was seen in the change of station location (Sallabanda 1996;
Nowosad 2000/2001; Falarz 2006). In the early decades of the twenty-first century,
automatic measurements of snow cover thickness began, which could be another
important cause of the heterogeneity of the tested series.

The homogeneity of snow cover series has so far been studied using various
methods. Sallabanda (1996) used three non-parameter tests for series of snow cover
in Albania, examining: the stability of mean, the stability of dispersion of the vari-
ations in relation to this central value, and the correlation between the consecutive
terms. He showed the heterogeneity of only 3 out of the 127 snow cover series tested.
Nowosad (2000/2001) used a variety of tests in his studies of many snow cover char-
acteristics in south-eastern Poland: the Smirnov test, test of series, and the Wilcoxon
test. The current work uses the Alexandersson Test (Standard Normal Homogeneity
Test; Alexandersson 1986; Alexandersson and Moberg 1997). This test has already
been applied by Falarz (2006) in snow cover studies until 1998 and Marcolini and
coauthors (2017). In the latter research inhomogeneities have been detected in about
20% of the analysed time series.
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The homogeneity of all 60 series of both seasonal number of days with snow
cover and maximum snow cover depth in the winter season were examined. The
AnClim of programme by Štěpánek (2008) was used for this purpose. For most of
the series tested a relative test with a constancy of quotients method was used. As
reference stations, a series of averaged values for snow cover regions (Falarz 2006)
and additionally selected series from stations located in the same snow cover region,
at similar altitudes and close to the examined station were selected. The reference
station must not be a station with a significant change of location in its history. For
series of more than 70 years and concerning mountain stations, both relative and
absolute tests were used. The decision to consider the series to be heterogeneous
was made by analysing a critical value of the SNHT test for 95% significance level.
As a result of the studies, data series for 19 out of 60 weather stations (i.e. around
32% of the series) were considered heterogeneous. In 3 cases, it was shown to break
the homogeneity only for maximum snow cover depth series, in 14 cases—only for
series of the number of days with snow cover, while in 2 cases (Lublin, Mława)—for
series of both characteristics (Table 4.3). Corrections of non-homogeneous series
were made in most cases by transforming the data in the period before the break of
homogeneity. The adjustment of values in the period after the break of homogeneity
was made only in cases where the moment of breaking the homogeneity occurred
close to the end of the entiremulti-year period. Themain reasons for the heterogeneity
of the data were: changing the location of the measuring station and changing the
measuring instrument to automatic.

Bringing a series of snow cover to homogeneity avoided drawing incorrect conclu-
sions about the changes in this climate element. Figure 4.3 shows the changes in snow
cover time and the process of elimination of series heterogeneity in the example of
the Kielce station in the period 1950/51–2017/18. The station was moved in 1974.
In the period 1950/51–1973/74, the values of snow cover duration in Kielce were
clearly escalated in relation to the averages for the whole region (region 5), and the
value of the SNHT test in 1974 was 11.99, exceeding the critical value for 95% of
significance level (Fig. 4.3a,c). The correction of the series in the period before the
break of homogeneity resulted in the elimination of significant differences between
the values at the station in Kielce and the whole region before 1974 (Fig. 4.3d). A re-
examination of the homogeneity of the corrected series showed a significant decrease
in the test value and no exceedance of the critical level (Fig. 4.3b). Considering the
heterogeneous series would lead to the incorrect conclusion of a greater than actual
downward trend in the characteristics at issue.

The variable height of the anemometer is not the only factor that could break the
homogeneity of wind measurements.

At the synoptic stations of IMWM-NRI changes of instruments for wind direction
and speed measurements took place a number of times. Initially, until the mid-1960s,
measurements were made with a Wild’s anemometer. From 1966, Wild’s anemome-
ters were replaced by M-47 cup anemometers (Janiszewski 1972) at all the IMWM-
NRI stations. The measurements were made manually. The observer observed the
indicator oscillation for 2 min and on this basis determined the wind speed and direc-
tion: the speed with an accuracy of 1 ms−1 and the direction with an accuracy of
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Table 4.3 The list of detected inhomogeneities in data series concerning snow cover. (D—seasonal
duration of snow cover, M—seasonal maximum depth of snow cover; numbering of regions
according to Falarz 2006)

Station Inhomogeneity
of series

Period of corrected data Stations and
regions used for
homogenisation
procedure

The cause of
the break of
series
homogeneity;
other remarks

Bielsko M 2016/17–2017/18 Region 7a Change the
instrument to
automatic
(2016)

Częstochowa D 1950/51–1969/70 Region 5,
Katowice

Station moved
in November
1969 by
1.5 km to the
northwest;
change in
altitude: +
32 m

Elbląg D 1987/88–2017/18 Region 1, 2 Unknown
cause;
overvaluation
of recorded
values after
1986
compared to
neighbouring
stations

Hala
Gąsienicowa

M 2009/10–2017/18 Region 7b,
Kasprowy
Wierch

Change the
instrument to
automatic
(2009)

Kielce D 1950/51–1973/74 Region 5,
Sandomierz

Station moved
in 1974 to the
south-east

Kłodzko D 2013/14–2017/18 Region 6 Change the
instrument to
automatic
(2013)

Koszalin D 1950/51–1961/62 Region 1, Resko Unknown
cause;
undervaluation
before 1962
compared to
neighbouring
stations

(continued)
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Table 4.3 (continued)

Station Inhomogeneity
of series

Period of corrected data Stations and
regions used for
homogenisation
procedure

The cause of
the break of
series
homogeneity;
other remarks

Krosno D 1950/51–1984/85 Region 7a Station moved
to the
northwest in
1984; change
in altitude: +
44 m

Krynica D 2013/14–2017/18 Region 7b Change the
instrument to
automatic
(2013)

Lesko D 1950/51–1980/81 Region 7a Station moved
in November
1980 about
1 km to the
east; change in
altitude: +
34 m

Leszno D 1950/51–1957/58 Region 4,
Zielona Góra

Station moved
in 1958 to the
southwest;
change of the
station row
from climatic
to synoptic in
1958

Lublin D,M 1950/51–1972/73 Region 5,
Włodawa,
Zamość

Station moved
in 1973. to the
southwest;
change in
altitude: +
66 m

Mikołajki M 1950/51–1957/58 Region 3,
Kętrzyn

Station moved
in 1958

Mława D,M 1950/51–1967/68
2000/01(2004/05)–2017/18

Region 2,
Olsztyn

Station moved
in 1967/1968,
the second
break of
homogeneity
in the early
twenty-first
century (the
cause
unknown)

(continued)
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Table 4.3 (continued)

Station Inhomogeneity
of series

Period of corrected data Stations and
regions used for
homogenisation
procedure

The cause of
the break of
series
homogeneity;
other remarks

Ostrołęka D 1980/81–2017/18 Region 3,
Mikołajki

Unknown
cause;
undervaluation
after 1980
compared to
neighbouring
stations

Płock D 1950/51–1962/63 Łódź, Koło Unknown
cause;
undervaluation
before 1963
compared to
neighbouring
stations

Siedlce D 2010/11–2017/18 Region 5 Unknown
cause;
breaking
homogeneity
in 2010

Ustka D 1997/98–2017/18 Region 1 Unknown
cause;
breaking
homogeneity
in 1997

Warszawa D 1991/92–2017/18,
2009/10–2017/18

Region 5, Łódź Unknown
cause;
undervaluation
compared to
neighbouring
stations in
1991 and 2009

10 degrees. Since 1 January 1976, in accordance with the recommendation of the
World Meteorological Organization, the sampling interval changed. The averaging
time was extended from 2 to 10 min, but still the averaging was done visually by the
observer.

In the years 1966–1986 measurements of wind speed were made with anemome-
ters of Soviet production, first type M-47, then M-63. From 1986, they were succes-
sively replaced by electric anemometersW-863 manufactured in Poland by Zootech-
nikaKraków (Lorenc 1996). TheVaisala cup anemometersWAA151withwindvanes
WAV151 were used from the turn of the twenty-first century. Their threshold wind
speed was 0.4 ms−1. In 2014, they were replaced by Vaisala sonic anemometers
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Fig. 4.3 An example of homogenisation procedure for snow cover duration in Kielce: T value
for the Alexandersson test: a before homogenisation, b after homogenisation (horizontal red line
indicates a critical value of the test for 95% significance level); snow cover duration in Kielce and
region 5: c before homogenisation, d after homogenisation; black vertical line: the year of changing
of the station location (1974)

with WS425 sensors with a threshold wind speed of virtually 0.0 ms−1, but with an
accuracy of 0.1 ms−1. Both Vaisala anemometers automatically average wind speed
and direction.

Changes of instruments often give rise to significant break-points in wind speed
series. Unfortunately, changes are usually sudden, without a period of overlapping
comparative measurements. The number of papers discussing this issue is very
limited. Two of the most important changes are: the transition from measurements
using Wild’s anemometer to cup anemometers and the transition from manual to
automatic measurements. In Poland, the first one took place in the mid-60s, whereas
the second one at the turn of the twenty-first century.

Dziaduszyński et al. (2000) attempted to compare the ofwind speedmeasurements
by a Wild’s anemometer (3 times per day) and by a YOUNG (model 05103-5)
automatic weather station anemometer (every 15 min). They used data from the
climatological station in Puławy from the period 1995–1998. Both anemometers
were positioned 17 m above ground level. They showed that the Wild’s anemometer
shows a greater frequency of low- and high-speed winds and that on average the
wind speed measured by the automatic anemometer was higher by 14% than that
measured by the Wild’s anemometer.

Brázdil et al. (2017) compared standard universal anemometers working in the
Czech Republic till the mid-90s with automatic measurements from a Vaisala
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WAA251 sensor (cup anemometer) and aWS425 sensor (sonic anemometer). Parallel
measurementswere provided at two stations only. They showed that the averagewind
speed measured using both Vaisala automatic sensors are slightly higher than those
manuallymeasured and the differences donot dependonwinddirection. The frequen-
cies of calms and low wind speed values are higher for standard cup anemometers
than for bothVaisala sensors. These differences aremore pronounced duringmorning
and evening times because the averagewind speed is lower than during the noon term.
However, maximum wind speeds can be even higher for standard cup anemometers
than for Vaisala sensors.

To check whether the replacement of Wild’s anemometers by cup anemometers
caused a break in the homogeneity of the series, the average wind speed was calcu-
lated over two 10-year periods before and after the instrument changeover (1951–
1960 and 1971–1980), and it was checked how much the wind speed changed in
relation to the initial value (Table 4.4). The mean increase was 8.3%, but at indi-
vidual stations it varied from −23% (decrease) to 74% (increase). Decreases were
mainly observed at stations with low average wind speed, whereas increases were
typical at stations with high average wind speed. This is in agreement with the find-
ings of Dziaduszyński et al. (2000). Similarly, it was done to assess whether the
transition from manual to automatic measurements resulted in a break in homo-
geneity. This time, the averages were compared over two 5-year periods (2001–2005
and 2014–2018), as the last change was in the year 2014.

The transition fromWild’s anemometer to cup anemometers resulted in an average
change in wind speed of 7% (Table 4.4), which means that there was a clear break in
the homogeneity of themeasurement series. The transition frommanual to automatic
anemometers resulted in an average change in wind speed of only 1%, so it can be
concluded that this is not a change that significantly disturbs the measurement series,
although at individual stations the effect may be more significant. Because the step
change around 1966 was very different at different stations, it was not possible to
homogenise the series by simply increasing the wind speed at the beginning of the
series. There are also no homogeneous series of wind speeds to which the others
could be linked. For this reason, it was decided to use only data from the period
1966–2018 for further analysis.

Thunderstorms and hail events in Poland are studied using observational data
from synoptic stations of IMWM-NRI and the Scientific Station of the Climatology
Department of the Jagiellonian University in Kraków (Kraków Observatory). The
data included in the study is qualitative and, to some extent, is influenced by the
subjective assessment of the observer (Bielec and Kolendowicz 2001). An important
disadvantage is that human contributions to these observations introduce errors, such
as spatial and temporal inhomogeneities (Czernecki et al. 2016). For this reason, the
indicator of the thunderstorm or hail occurrence used in the study was the day (24 h;
00 to 00 UTC) on which the occurrence of a given phenomenon was noted.

In addition, the spatial coverage of observing stations may be also too dispersed
to capture the scale of most thunderstorms. Therefore, the homogeneity analysis
consisted mainly of a manual check of observational series, metadata and compar-
ison of monthly and annual values between stations situated next to each other. In
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Table 4.4 Change (%) in the average wind speed before and after the change of instrument type.
Explanations: AVE1, AVE2, AVE3, AVE4: average wind speeds over periods 1951–1960, 1971–
1980, 2001–2005, and 2014–2018, respectively, R2/1 = (AVE2 − AVE1)/AVE1, R4/3 = (AVE4 −
AVE3)/AVE3

Station AVE1 AVE2 R2/1 AVE3 AVE4 R4/3

Chojnice 3.21 3.74 0.17 3.73 3.67 −0.01

Elbląg 3.97 3.84 −0.03 3.10 4.25 0.37

Koło 2.26 3.91 0.74 3.83 3.74 −0.02

Koszalin 3.85 3.93 0.02 3.20 3.35 0.05

Łeba 4.88 5.01 0.03 4.60 5.20 0.13

Lębork 2.69 2.38 −0.11 3.20 3.42 0.07

Olsztyn 3.16 3.27 0.04 3.02 3.06 0.01

Suwalłki 4.04 4.83 0.19 3.75 3.46 −0.08

Świnoujście 3.79 4.18 0.10 3.42 3.25 −0.05

Szczecin 3.70 4.03 0.09 3.85 3.61 −0.06

Toruń 3.55 3.11 −0.12 2.74 2.46 −0.10

Ustka 4.32 4.14 −0.04 5.32 5.11 −0.04

Białystok 3.28 3.63 0.11 2.58 2.49 −0.04

Hel 4.15 4.99 0.20 4.04 4.08 0.01

Bielsko-Biała 3.74 3.64 −0.03 2.86 2.84 −0.01

Gorzów 3.07 3.46 0.13 2.65 2.69 0.01

Jelenia Góra 2.62 2.78 0.06 2.28 2.61 0.15

Kalisz 2.75 3.48 0.26 3.70 3.71 0.00

Kasprowy Wierch. 6.27 7.09 0.13 6.31 6.10 −0.03

Kielce 2.80 2.91 0.04 2.92 2.74 −0.06

Kłodzko 2.66 2.74 0.03 2.73 3.08 0.12

Kołobrzeg 4.03 3.64 −0.10 2.80 3.05 0.09

Kraków 2.73 2.89 0.06 2.89 3.34 0.16

Legnica 2.58 3.40 0.32 3.48 3.39 −0.03

Lesko 2.81 3.21 0.14 2.53 2.33 −0.08

Łódź 4.23 3.98 −0.06 3.16 3.50 0.11

Lublin 2.86 3.39 0.18 2.92 2.97 0.02

Nowy Sącz 1.64 1.48 −0.09 1.77 1.84 0.04

Opole 2.32 2.95 0.27 2.68 2.60 −0.03

Poznań 3.92 4.07 0.04 3.89 3.88 0.00

Rzeszów 3.61 3.75 0.04 3.91 3.81 −0.03

Siedlce 3.52 3.44 −0.02 3.26 2.88 −0.11

Słubice 2.69 2.68 0.00 2.52 3.17 0.26

Śnieżka 11.59 12.46 0.08 12.48 10.70 −0.14

(continued)
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Table 4.4 (continued)

Station AVE1 AVE2 R2/1 AVE3 AVE4 R4/3

Tarnów 2.80 2.28 −0.18 1.80 1.73 −0.04

Warszawa 4.08 4.29 0.05 3.98 3.56 −0.11

Wieluń 3.00 2.31 −0.23 2.99 2.92 −0.02

Włodawa 2.64 3.62 0.37 3.82 3.72 −0.03

Wrocław 3.24 3.36 0.04 3.27 3.25 −0.01

Zakopane 1.62 1.40 −0.14 1.40 1.53 0.09

Zielona Góra 2.66 3.23 0.21 2.97 2.94 −0.01

Minimum 1.62 1.40 −0.23 1.40 1.53 −0.14

Maximum 11.59 12.46 0.74 12.48 10.70 0.37

Average 3.50 3.73 0.07 3.47 3.46 0.01

addition, the homogeneity of the obtained data was inspected using the Standard
Normalized Homogeneity Test (Alexandersson 1986) within The AnClim program
(Stěpánek 2008). Finally, only the data series that had the longest and the most
credible observations were selected for the study.

The quality of tornado reports in Poland varies strongly in time and space.
Multiple factors are responsible for this situation. Among political, historical, and
social contexts we can list changes in the borders of Poland (e.g. from 1795 to
1918 the territory of Poland was under German, Austrian, and Russian occupation),
WorldWars I and II and the communist era under the Soviet dominance (1945–1989).
Although Poland was not an independent country in the nineteenth century, nation-
ality and the awareness of cultural identity remained in society and thus numerous
Polish newspapers operated on a regional scale. As suggested by Antonescu et al.
(2016), such newspaper-type publications are the main source of information on
tornado occurrence from these years. However, it is clear that only a small percentage
of tornado cases were reported in these sources, unfortunately resulting in a strong
quantitative underestimation (particularly forweak tornado cases).On the other hand,
tornado databases are likely to be more consistent over time, especially for intense
spectacular events that cause significant property damage (Brooks andDoswell 2001;
Verbout et al. 2006; Rauhala et al. 2012; Taszarek and Brooks 2015). A majority of
such high-end events attract more public attention and are usually better documented
in media reports. Thus, they allow for a long-term estimates of strong and violent
tornadoes (e.g. Taszarek et al. 2017).

In Poland, the highest number of archival newspaper editions are available for
the second half of the nineteenth and first half of the twentieth century. During the
socialistic period from 1945 to 1989 any information on catastrophic events is diffi-
cult to find, thus resulting in a low number of tornado reports (Taszarek and Brooks
2015). A similar situation was also observed in the Czech Republic by Setvák et al.
(2003) and Brázdil et al. (2019). When Poland gained sovereignty in 1989 (trans-
formation of political system), a small increase in tornado reporting was observed.
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After a long communist era, people generally assumed that tornadoes did not occur
in Poland and their occurrence was mainly limited to the Great Plains in the United
States. Beginning with the twenty-first century, advances in teledetection data and
communication technologies (e.g. access to Internet, mobile phones, meteorolog-
ical radar network, lightning detection systems) and development of thunderstorm
observer networks (e.g. Polish Stormchasing Society) resulted in a surge in tornado
reporting, not only in Poland, but also in Europe as awhole (Groenemeijer andKühne
2014). This may somehow indicate that before 2000, tornadoes were strongly under-
estimated in Europe. It is also worth highlighting that, after the foundation of the
Polish Stormchasing Society in 2008, most tornado cases have credible documen-
tation often accompanied by damage survey experts, witnesses, and, in some cases,
by radar data. Without a doubt, regional networks of storm observers and regional
damage survey experts increased the quality of tornado reports.

The tornado reports presented in this analysis derive from the European Severe
Weather Database (ESWD; Dotzek et al. 2009) and cover the period from the early
nineteenth century until 2018. Reports with a status of plausibility check passed
(QC0+), report confirmed (QC1), and event fully verified (QC2) are involved until
2008. From 2009 only QC1, and QC2 are taken into account. This has been done
because from 2009 the quality control levels were incorporated by the European
Severe Storms Laboratory (ESSL). Most of the national cooperating partners joined
ESWD after 2010, thus increasing the number and quality of the reports. In addition,
the development of socialmedia and the increase in those interested in severeweather
that has taken place in recent years (e.g. the foundation of the Polish Stormchasing
Society, Polscy Łowcy Burz) have significantly increased the number of reports
(often accompanied by a photograph of the event) as well (Taszarek et al. 2017).

Data on fog include the results of visual observations, not measurements, and fog
is an element that strongly depends on local environmental conditions. Generally,
those two factors determined to a large extent the homogenisation procedure.

The homogeneity of the fog data was checked for the most basic index, i.e. annual
number of days with fog. For each station, the mean annual number of days with
fog in the period 1966–2018 was calculated, and then two other basic statistics were
determined, i.e. the standard deviation and variability coefficient.

For four stations, the mean annual number of days with fog was distinctly higher
than for other stations located nearby:Chojnice (87.2 days), ZielonaGóra (82.9 days),
Jelenia Góra (88.4 days), Kielce-Suków (84.8 days). In addition, the values of the
variability coefficientwere distinctly higher inGdańsk (59.5%) andTerespol (43.9%)
than at other stations. In the next step of the procedure, the data were standardised; for
each year and each station, the mean value for the whole country was deducted from
the value for a particular station and divided by the value of the standard deviation for
a particular year. Standardisedmulti-annual courses of the yearly number of dayswith
fog showed large increases or decreases beginning in various years at the following
stations: Jelenia Góra, Kielce, Elbląg, Gdańsk, Terespol, Kłodzko, Suwałki, Zielona
Góra, and Chojnice. Therefore, the stations’ metadata and modifications in the local
environment around the stations were studied to find out whether the changes in fog
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occurrence might be caused by non-climatic factors. Metadata of the stations deliv-
ered the information that the stations in Jelenia Góra, Terespol, Kłodzko, Suwałki,
Zielona Góra, and Chojnice were not moved during the whole study period, and data
series for Gdańsk are combined from three locations. That information was the first
prerequisite to eliminate data fromGdańsk from the further analysis. Satellite images
available at the time onGoogle Earth and data fromCORINELandCover (CLC) data
base containing CLC changes in the period 1990–2018 [https://land.copernicus.eu/
pan-european/corine-land-cover] for the areas around the stations mentioned were
analysed. Close to the stations in Jelenia Góra and Terespol, water reservoirs were
constructed. In Kłodzko and Suwałki, the exploitation of gravel nearby the stations
was connected with the rising of a few bodies of water. A similar situation can be
observed in Kielce, where there was sand exploitation realised. Additionally, the
station in Kielce is located in a concave land form which is the reason for the great
increase in the cold air reservoir, and the occurrence of air temperature inversions and
fog in comparison to nearby areas. In Zielona Góra and Chojnice, large areas around
the stations were turned into transportation infrastructure or built-up areas. All the
anthropogenic factors mentioned are known to significantly impact fog frequency
due tomajor changes in atmosphericwater vapour content.Water bodies deliver large
amounts of water vapour into the atmosphere and can increase the fog frequency,
while increases in built-up areas usually decreases water vapour content and fog
occurrence. As the sudden changes in the number of days with fog matched rather
well with the changes in land use/land cover in the vicinity of the stations, data
from those stations were excluded from the further analysis. In the case of fog, it is
not possible to correct observations from one station with observations from other
stations located a few hundred kilometres away, as the phenomenon is dependent,
to a large extent, on local environmental conditions. Therefore, data from the nine
stations mentioned above were excluded from further analysis (Table 4.5).

Overall, the most common reasons for breaking the homogeneity of the climatic
series were a significant change of station location and a change of the measuring
instrument. However, inmany cases the cause of the series’ heterogeneity is not clear.
The vast majority of the series have been brought to homogeneity and used to draw
conclusions on climate change in Poland. Due to the significant spatial variability of
fog occurrence, heterogeneous series of the number of days with fog were eliminated
from further analysis.

https://land.copernicus.eu/pan-european/corine-land-cover
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Table 4.5 The list of detected inhomogeneity in data series concerning annual number of days
with fog. The series were excluded from further analysis

Station Method used for detection of data
inhomogeneity

The cause of the break of series
homogeneity; other remarks

Jelenia Góra Station’s metadata analysis; analysis of
standardised courses of annual number
of days with fog; analysis of changes in
land use/land cover in the vicinity of
the station

Construction of water reservoir nearby
the station

Kielce Sand exploitation was connected with
arising of a few water bodies; location
in a concave land form is the reason for
much increased occurrence of cold air
reservoir, air temperature inversions

Elbląg Change in the station’s location

Gdańsk Three changes in station location

Terespol Construction of water reservoir nearby
the station

Kłodzko Exploitation of gravel nearby the
station was connected with arising of a
few water bodies

Suwałki

Zielona Góra Large areas around the station were
turned into transportation infrastructure
or built-up areas

Chojnice
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Chapter 5
Climate Change Before Instrumental
Measurements

Magdalena Opała-Owczarek, Tadeusz Niedźwiedź, Rajmund Przybylak,
and Wojciech Tylmann

Abstract The chapter “Climate change before instrumental measurements” is a
review and compilation of papers concerning the reconstruction of Poland’s climate
in the last millennium. Data for this period are gaining importance due to their
comparability with modern instrumental data, which is possible thanks to their high
temporal resolution (annual, seasonal). The authors compiled the research results of
climate reconstruction based on the following available data sources: direct man-
made observations of weather and early instrumental measurements, dendrochrono-
logical records and varved sediment records. These three types of material are so
far the best-known and best-developed proxy sources of past climate information,
going back centuries in Poland. Generally, the chapter is divided into three parts
presenting the results of climate reconstruction made with the above-mentioned data
sources. On the basis of each method, the reconstructions of both air temperature
and precipitation (including extreme rainfall and drought) for the winter and summer
seasons are presented.
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Centre for Climate Change Research, Nicolaus Copernicus University, Toruń, Poland
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Introduction

The main obstacle to climatological analyses of long-term variability and change
of climatic conditions in Poland in the last millennium is the shortness and scarce-
ness of instrumental meteorological measurements. Although there are series of
data dating back even to the end of the eighteenth century, this only applies to indi-
vidual locations. The oldest and longest continuous instrumental series of air temper-
ature measurements in Poland come from the following meteorological stations:
Warszawa (1779), Wrocław (1791) and Kraków (1792). Measurements of precipita-
tion started in Wrocław in 1791 and in Warszawa in 1803. Recently, Wrocław’s
series was prolonged until 1781 based on precipitation measurements in Żagań
(formerly Sagan) within the Mannheim network of stations established for Europe
and North America by the Palatine Meteorological Society in 1780 (Przybylak et al.
2020). In regional analyses of long-term climate variability, it is therefore essential
to use high-resolution proxy data, as they can significantly prolong meteorological
records over time. Each type of proxy data has its advantages as well as shortcomings
and are characteristic to different types of environments (Bradley 2015). The high-
resolution proxy archives inPolandmainly cover the periodof the lastmillenniumand
comprise historical documents on extreme weather events and weather-related disas-
ters together with tree-ring analyses. More recently, the picture of climate change
in Poland before instrumental measurements has become more detailed due to the
development of the network of sites with varved sediment data. These three types
of material are so far best-known and best-developed proxy sources of past climate
going back centuries and the last millennium in Poland (Fig. 5.1).

This chapter addresses climate change in Poland before instrumental measure-
ments (last 1000 years). The last millennium was chosen as the period of analysis,
for which we have a relatively large number of proxy data with annual resolution, in
contrast to the preceding periods. Data for this period are gaining importance due to
their comparability with modern instrumental data, which is possible thanks to their
high temporal resolution (annual, seasonal). Furthermore, this important period in
paleoclimatology is relatively well known in various parts of the world, thanks to
which the results are comparable.

A great number of reconstructions of climatic conditions for Europe based on
proxy data on millennia scale allow us to distinguish several characteristic climatic
periods (Lamb 1977; Grove 1988; Brázdil and Kotyza 1995; Crowley 2000; Crowley
andLowry 2000;Bradley et al. 2003;Brázdil et al. 2005;Xoplaki et al. 2005;Büntgen
et al. 2006, 2007; Esper and Frank 2009; Jones et al. 2009; Brázdil and Dobrovolný
2010; Büntgen and Tegel 2011; Büntgen et al. 2011c; Przybylak 2011; Ljungqvist
et al. 2012). These periods are usually also visible in the data for Poland.

During the last millennium after a cold period of about 300–600 AD (Migration
Period) (Büntgen et al. 2011c), four distinctly marked thermal periods occurred in
the area of Central Europe and Baltic Sea Region (Niedźwiedź et al. 2015). Medieval
Warm Period (MWP) or Medieval Climate Anomaly (MCA) covers the period from
900 AD to 1350 AD, with the warmest phase between 1150 AD and 1250 AD.
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Fig. 5.1 Location of the selected proxy series described in the text: documentary evidences,
dendrochronological data (numbering according to Table 5.2) and varved sediment records.Detailed
information on the datasets are presented in the text

During the following 200 years (1350–1550 AD) there was great variability of intra-
seasonal climatic conditions with tendency to cooling. This was the Transitional
Period (TP) between MWP and the next Little Ice Age (LIA) period (Brázdil et al.
2005). The Little Ice Age (LIA 1550–1850) started with significant cooling in the
period 1569–1579. In the Baltic Sea Region, there were found four cold and three
relatively warm winter periods during LIA (Eriksson et al. 2007). The major warm
period occurred in the years 1707–1750 with the warmest winter 1723/1724. The
cool phases coincided with the LateMaunderMinimum (1675–1715) and the Dalton
Minimum (1790–1840) in solar activity (Luterbacher et al. 2001; Eriksson et al.
2007). The Contemporary Warm Period (CWP) started after 1850, according to a
majority of scientists (e.g. Grove 1988), or in the last decade of the nineteenth century
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(e.g. Lamb 1977), but the rapid increase of air temperature in Central Europe fell
after 1988.

A review of paleoclimatological research results for Poland was previously
discussed by Przybylak et al. (2010a). Ten years later, Polish paleoclimate science
has made advances: available datasets are much improved. They are more quanti-
tative and better spatially represented. After a brief overview of climate proxy data
methods, this chapter examines the available man-made and natural proxy records,
used to derive quantitative estimates of past climate in Poland (mainly temperatures
and precipitation) via statistical methods calibrated against their modern distribution
and associated climate.

Documentary Evidence

Documentary evidence, according to Pfister’s (1999) proposition, include both direct
man-made observations of weather or measurements of weather variables and indi-
rect indications of weather obtained based on observations (plant phenology, yield
of vine, etc.) or measurements (water levels, snow cover, etc.) (Table 5.1). For
the reconstruction of Poland’s climate in the last millennium before the nineteenth
century (hereinafter called the historical period), the mentioned indirect indications
of weather were not used. Thus, in this review, the most up-to-date knowledge about
Poland’s climate in the historical periodwill be based on the first group of sources, i.e.
direct man-made observations and measurements. Reconstruction of climate based
on direct man-made observations of weather is available for nearly the entire histor-
ical period, while usingmeasurements of weather variables mainly for the eighteenth
century. For this reason, results of climate reconstructions will be summarised and
presented separately for the mentioned types of sources.

Out of all the proxy data available for the area of Poland (biological, historical,
geophysical), documentary evidences were most often used to reconstruct its histor-
ical climate (for details see e.g. Przybylak et al. 2004, 2005, 2010b; Przybylak 2010,
2011, 2016). Types and quality of documentary sources were described in a detailed
way by Przybylak et al. (2004, 2010b) and therefore are omitted here. In those publi-
cations, extended reviews of available literature are also given until 2009. For this
reason, the review in this section is presented only for the period 2010–2019.

In the mentioned period a few new, important papers were published. A majority
of them present results of air temperature instrumental measurements conducted in
the eighteenth century. Przybylak and Pospieszyńska (2010) analysed air tempera-
ture changes measured by David von Grebner in Wrocław from 1710 to 1721. It is
the oldest available long series of instrumental measurements in Poland. In recent
years, two other air temperature series were also the subject of analysis, a shorter one
(5 years: 1760–1764) from Toruń (Pospieszyńska and Przybylak 2010) and a longer
one (1781–1792, Mannheim network) from Żagań (Przybylak et al. 2010c, 2014a).
Three papers are devoted to the description of climate in Gdańsk. Two of them
(Przybylak et al. 2014b; Filipiak et al. 2019) are based on weather notes published
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Table 5.1 Types of data used for reconstructing past weather and climate (after Pfister 1999,
modified)

Archives Natural Man-made

Information

Direct
observation
of weather and
climate or
instrumental
measurement
of
meteorological
parameters

Documentary Observed
• Anomalies
• Natural
hazards

• Weather
situations

• Daily
weather

Measured
• Barometric
pressure

• Temperature
• Precipitation
• Water-
gauge,
etc.

Indirect
references:
(Proxy data)
indication of
controlled
or affected
processes
through
meteorological
parameters

Organic
• Tree
rings

• Fossil
• Animal
and plant
remains

• Fossil
wood
(trees),
etc.

Non-organic
• Ice-cores
• Varves pollen
• Terrestrial
sediments

• Temperature
of boreholes

• moraines, etc.

Organic
• plant
phonology

• Yield of
vine

• Time of
grain and
vine harvest

• Sugar
content of
wine etc.

Non-organic
• Water levels
• Snow fall
• Freezing of
water bodies

• Snow cover,
etc.

• Cultural:
• Pictorial

Rogations
• Epigraphical

Material: • Archeological remains

by Gottfried Reyger (1770, 1786), covering the period from December 1721 to June
1786. According to our knowledge, this is the longest series of weather observations
conducted continuously by a single man. For comparison purposes in both papers,
annual and seasonalmean values of air temperature (1739–1785) and totals of precip-
itation (1735–1772) have been presented. Air temperature data have been derived
from the regular instrumental observations made in Gdańsk by Michael Christian
Hanov in the period of 1739–1759 and by Johann Eilhard Reinick during the years
1760–1785. In the case of precipitation, all data comes from Hanov’s observations.
The third paper (Filipiak and Miętus 2010) analyses a 10-year-long (1752–1761)
series of daily means of atmospheric pressure based on Reinick’s measurements.
Air temperature and precipitation changes in the central and north-eastern parts of
the Polish–Lithuanian Commonwealth from 1656 to 1685 have been investigated
by Przybylak and Marciniak (2010) using Chrapowicki’s diary (Chrapowicki 1978,
1988) containing dailyweather notes.More recently, documentary evidence has been
utilised to reconstruct the occurrence of droughts in Poland in the period 1451–1800
(Przybylak et al. 2020).
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Climate Reconstructions Based on Direct Man-Made
Observations of Weather

Air Temperature

The 1001–1400 Period

For the first two centuries, the number of documentary evidence describingweather in
Poland is too small to reliably reconstruct climate. Nonetheless, Maruszczak (1991)
reconstructed air temperature for this period using available histories of air temper-
ature from California, Greenland and the UK. It is important to note that the docu-
mentary evidence was only used for the reconstruction of air temperature in the UK.
The reliability ofMaruszczak’s reconstruction is limited because thementioned three
areas are rather far fromPoland and therefore often showdifferent rhythms to changes
in air temperature (see e.g. Fig. 34.2 in Bradley and Jones (eds.) (1995)), in which
reconstructions of air temperature for Europe and North America are presented, or
review papers written recently by Ljungqvist et al. (2012) and Pages 2k Consortium
(2013).

The entire period (1001–1200) in Poland according to this reconstruction was
warmer than the average millennial air temperature. Evidently, the warmest in the
entire millenniumwas the second half of the twelfth century with themean annual air
temperature reaching 8.5 °C (Fig. 100 in Maruszczak [1991]). The first half of this
century was slightly colder, while the eleventh century had air temperature slightly
lower than 8 °C. For more details, see Przybylak (2016).

For the thirteenth and fourteenth centuries, a significantly greater density of histor-
ical sources exists than for the previous two centuries, but the available information
is still of low reliability. They were collected mainly by Jan Długosz (1415–1480)
and published in his chronicle Annales seu cronici incliti regni Poloniae (Annals or
Chronicles of the Famous Kingdom of Poland). Weather descriptions available in this
chroniclewere used bySadowski (1991) to calculate the frequencies of severewinters
and hot summers, which indirectly enable estimation of the thermal characteristics of
those seasons in the long-term perspective. Analysis of Fig. 1 in Sadowski’s (1991)
publication clearly indicates that the thirteenth century was a time of both the least
severe winters and the least hot summers to a greater extent than at any other time
from the fourteenth century onwards. That would mean in turn that the period was
one of the greatest oceanicities of climate (see Fig. 6 in Sadowski [1991]). The thir-
teenth century evidently was colder than the fourteenth century. Maruszczak (1991)
found opposite results, i.e. warmer conditions in the thirteenth century than in the
fourteenth century. The results presented by Sadowski (1991) seem to be more reli-
able. Reconstructions of air temperature for Poland (Jan−Apr, Przybylak et al. 2005)
and Scandinavia (Jun−Aug, Gouirand et al. 2008) based on tree rings confirm this
conclusion, while simulated climate for the Baltic Sea Region by the regional model
(Schimanke et al. 2012) do not.
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The 1401–1800 Period

Since the fifteenth century, the amount of available documentary evidence is great
enough to conduct quantitative reconstruction of air temperature. Such reconstruc-
tions for winter and summer seasons were conducted firstly for the period 1501–1840
(Przybylak et al. 2004, 2005) and later they were extended to include the fifteenth
century (Przybylak 2011, 2016).

In addition to these long-term air temperature reconstructions, there are also
available reconstructions for shorter periods (a couple of decades), but often with
more detail (daily) (e.g. Bokwa et al. 2001; Limanówka 2001; Nowosad et al. 2007;
Przybylak and Marciniak 2010; Przybylak et al. 2014b; Filipiak et al. 2019).

The history of winter and summer air temperature changes in the period 1401–
1800 is presented in Fig. 5.2. It is clear thatwinters in all four centuriesweremarkedly
colder than in the twentieth century reference period 1901–1960. On average, the
temperature in winter was lower by 2.2 °C. The exceptionally cold winters in the
study period (anomalies oscillate between−3.5 and−4.0 °C) occurred in the decades
1451–1460, 1511–1520, 1541–1550, 1571–1580, 1701–1710 and 1741–1750. All
decades (except 1521–1530) were colder than in the period 1901–1960 (black bars).
The second warmest average air temperature in winter occurred in the decade 1621–
1630.On average, the coldestwinterswere those of the sixteenth century (an anomaly
then of −2.4 °C), while the warmest characterised the seventeenth century (anomaly
−2.2 °C). The differences between the secular means are thus very small, which
means that the long-term thermal character of winters in the entire study period was
relatively stable, in spite of large year-to-year variability.

As can be concluded from Fig. 5.2, information about summer temperatures for
Poland based on documentary evidence is more limited than for winter, which is also
typical for other areas (see e.g. Brazdil and Kotyza 1995). This is generally a result
of smaller number of weather notes available for this season in historical sources.
Nonetheless, for amajority of the decades in the period 1401–1800, it was possible to
reconstruct mean summer air temperature for Poland (Fig. 5.2). The summers in this
period were primarily warmer than in the reference period 1901–1960. Only in seven
decades this was not the case. Analysing Fig. 5.2, it is possible to distinguish three
periods with the highest summer temperature, i.e. 1471–1500, the second half of the
sixteenth century and 1611–1640. Positive anomalies in this time oscillate between
0.5 °C and 0.8 °C. On the other hand, the coolest summers (0.4–0.5 °C) occurred in
the decades 1731–1740 and 1461–1470. Moreover, five decades (1521–1530, 1591–
1600, 1671–1680, 1691–1700 and 1761–1770) were slightly colder (on average by
0.1 °C) than contemporary ones. Mean air temperature anomalies calculated for the
centuries were always slightly positive, ranging from 0.1 °C in the eighteenth century
to 0.3 °C in the sixteenth. Thus, we may conclude that a change of climate between
the studied historical time and present time occurred mainly in winter. The observed
warming of winters from historical to present times significantly reduced the thermal
continentality of Poland’s climate.
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Fig. 5.2 Reconstructions of mean 10-year air temperatures (oC) in Poland from 1401 to 1800:
a winter (DJF) and b summer (JJA). 1 and 2—anomalies with respect to 1901–1960 and 1789–1850
means, respectively (after Przybylak 2011)

For some periods there is information available regarding air temperature with
greater time resolution. Here the example of air temperature changes and character-
istics based on daily weather notes written by Jan Antoni Chrapowicki in his diary
are presented for period 1656−1685. Figure 5.3 shows year-to-year changes in mean
annual thermal indices for Northeastern Poland. It is clear to see that the entire period
from 1656−1685 was colder than the historical norm (negative values of indices,
Fig. 5.3). Five years with an index below −0.25 can be described as very cold: 1666,
1667, 1671, 1672 and 1679. Out of all years, the warmest one was evidently 1661
(index −0.03). The four years 1663, 1668, 1680 and 1681 were also relatively warm
(index around −0.10). On average, spring and autumn were markedly colder, while
summer and winter were near the historical norm (Fig. 5.4).
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Fig. 5.3 Annual average values of thermal indices in the central and north-eastern parts of Poland
from 1656 to 1685. 1—correction based on monthly data, 2—correction based on annual data (after
Przybylak and Marciniak 2010)

Fig. 5.4 Annual course of average values of thermal indices in the central and north-eastern parts
of Poland from 1656 to 1685 (after Przybylak and Marciniak 2010)

The second very good example of similar character insight into air temperature is
available for Gdańsk for the period 1722−1785, and is available in a paper recently
published by Filipiak et al. (2019).

Precipitation and Droughts

The 1001−1800 Period

As it was written, the reconstruction of summer temperatures is more difficult than
of winter temperatures, but reconstruction of atmospheric precipitation based on
documentary evidence is certainly the most difficult out of all meteorological vari-
ables. There are two main reasons for this fact. Firstly, the influence of atmospheric
precipitation on the life and activity of people in the temperate zone is smaller than



80 M. Opała-Owczarek et al.

e.g. of air temperature. Hence, the availability of weather notes in historical sources
describing precipitation conditions is also smaller than that of thermal conditions.
Secondly, to describe reliably atmospheric precipitation we need more data than
for air temperature, due to fact that atmospheric precipitation is a meteorological
element most variable in time and space. As a result, there is a limited number of
works of reconstructed precipitation in Poland in the pre-instrumental period based
on documentary evidence. Generally, there is only one work (Przybylak et al. 2004)
in which a reconstruction of this kind is available for period 1501−1840. The second
one (Maruszczak 1991), which presents an even longer history (back to the eleventh
century), is, however, a kind of extrapolation of humidity (precipitation) conditions
in Poland based on the reconstructed flow of Dniepr River (Ukraine) using both
historical and sedimentological data. Thus, it is most likely not very reliable. In addi-
tion, there are also papers available which present information concerning precipi-
tation, but only for short, isolated historical periods (Bokwa et al. 2001; Limanówka
2001; Nowosad et al. 2007; Przybylak et al. 2008; Przybylak and Marciniak 2010;
Przybylak et al. 2014a; Filipiak et al. 2019).

A short description of atmospheric precipitation is described here based on the first
two mentioned works. Based on Maruszczak’s (1991) reconstruction of the entire
history of precipitation in pre-instrumental period, the two wettest periods can be
distinguished. Firstly, the wettest occurred in the years 1100−1250, while the second
one in the eighteenth century, but mainly in its second half. On the other hand, the
two driest 50-year periods occurred in 1301−1350 and 1551−1600. In the other
50-year periods precipitation conditions oscillated near the millennial-long norm.

For the period 1501−1840 we have more precise information, but still it is not
fully satisfactory, in particular for wintertime. Extremely wet winters were noted
most frequently in the first halves of the sixteenth and eighteenth centuries, while
extremely dry winters mainly in the sixteenth century, in particular, however, in its
first half (see Table 1 in Przybylak et al. 2004). It is possible to find significantly more
information in documentary evidence about precipitation occurrence in summer than
inwinter. Therefore, Przybylak et al. (2004) presented the frequency of occurrence of
extreme high and low precipitation in summer in the graphical form (Fig. 5.5). This
figure depicts that extremely wet and very wet winters (indices 3 and 2, respectively)
were most common in the sixteenth century, in particular in its first half. Most wet
decadeswere 1501−1510 and 1561−1570 inwhich the respective five and four years
were extremely wet and very wet. Apart from the sixteenth century, twomore periods
can be distinguished with highest precipitation (1641−1670 and 1721−1750). In the
second period it must be stressed that in particular the last decade (1741−1750) was
extremely wet and had, similarly as the decade 1501−1510, five extremely wet and
very wet summers (Fig. 5.5a).

Extremely dry and very dry summers (indices−3 and−2) in Poland in the period
1501−1840 occurred most often in the sixteenth century (1531−1590) and in all the
analysed decades in the nineteenth century (Fig. 5.5b). In addition, quite a lot of very
dry summers were also noted in the period from the mid-seventeenth century to the
mid-eighteenth century.
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Fig. 5.5 Decadal frequencies of occurrence of summers (JJA) that were: a extremely wet and very
wet (indices 3 and 2) and b extremely dry and very dry (indices −3 and −2) in Poland between
1501 and 1840 (after Przybylak et al. 2004)

Recently, the occurrence of droughts in Poland in the period 1451−1800 was
studied based on old (used for investigation presented by Przybylak et al. 2004)
and new historical sources collected after 2004 (Przybylak et al. 2020). Their mean
annual number for 50-year periods stratified into three categories is shown in Fig. 5.6.
Evidently, the highest number of droughts occurred in the second halves of the
eighteenth and the seventeenth centuries, respectively. What is also very interesting
is that in the second half of the sixteenth century more droughts occurred than in
its first half. However, the difference in drought occurrence between them is not
particularly large as in the case of the analogical periods in the seventeenth and
eighteenth centuries. In the entire study period, the fewest droughts were noted in
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Fig. 5.6 Frequency of occurrence of three categories of droughts in Poland in 50-year periods,
1451–1800 (after Przybylak et al. 2020)

the first half of the seventeenth century, when the category of extreme droughts did
not occur at all.

As in the case of air temperature, more detailed precipitation information is avail-
able for shorter periods: 1656−1685 (Chrapowicki’s observations) and 1722−1785
(Reyger’s observations). Precipitation is characterised for these periods by using the
number of days with this phenomenon. Again, as in the case of air temperature,
analysis is presented only for the first period, while the second mentioned period is
described in detail in the paper published by Filipiak et al. (2019).

In the period 1656−1685, the annual number of days with precipitation in central
and Northeastern Poland varied from 112 in 1676 to 206 in 1679 (Fig. 5.7). The
30-year mean number of days with precipitation was 169.6, and is very similar to
the number of days with precipitation in the contemporary climate. There is also
a positive correlation between mean monthly numbers of precipitation in historical
(1656−1667) and present times. Differences do not exceed 5 days being positive in
the warm half of the year and negative in the cold half of the year. In the annual
course of the average number of days with precipitation (1656−1685), two maxima
are observed, in summer and winter (from 15 to 17 days a month, except February)
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Fig. 5.7 Annual number of days with precipitation in the central and north-eastern parts of Poland,
1656−1685 (after Przybylak and Marciniak 2010)

(Fig. 5.8a). Notably the lowest number of days with precipitation (only about ten)
occurred in March and April. Rainfall was noted in every month of the year, and was
the dominant type of precipitation from April to November (Fig. 5.8b). The greatest
average number of days with rainfall in the 10-year period (1658−1667) occurred
in July (17.5), while the lowest was in January (3 days). In line with expectation,
snowfall dominated fromDecember to March with the highest number of days (>10)
in December and January.

Climate Reconstruction Based on Early Instrumental
Meteorological Measurements

A very detailed history of early instrumental measurements in Poland in its present
and historical boundaries since the seventeenth century is presented in Chapter 5
(Przybylak 2010) of the book entitled The Polish Climate in the European Context:
An Historical Overview. In this chapter, in Table 5.1, the reader can find 24 identified
and isolated early instrumental series of meteorological observations in Poland in the
seventeenth and eighteenth centuries with a wide spectrum of metadata information.
For some locations, the only information preserved is that meteorological obser-
vations were conducted, but the data were lost or destroyed and are not available.
The longest available series which can be used (some of them were already used)
for climate analysis come from Wrocław (1710−1730), Warszawa (1725−1728,
1760−1763, 1779−1799), Gdańsk—six series covering the period from 1739 to
1812, Toruń (1760−1764) and Żagań (1781−1792). As can be seen, all of them
cover mainly the eighteenth century.

Adescription of the climate ofWrocław in the years 1710−1721 based on series of
datameasuredbyDavidvonGrebnerwas carriedout byPrzybylak andPospieszyńska
(2010). Various aspects of air temperature changes are presented in the paper. The
greatest number of works was published using instrumental data (air temperature,
atmospheric precipitation and atmospheric pressure) available for Gdańsk for the
eighteenth century (Filipiak 2007a, b; Filipiak and Miętus 2010; Przybylak et al.
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Fig. 5.8 Annual course of average number of days (n) with precipitation a as well as with snowfall,
rainfall and rainfall with snowfall b in the central and north-eastern parts of Poland from 1656 to
1685 (after Przybylak and Marciniak 2010)

2014b; Filipiak et al. 2019). The mean daily air temperature in Warszawa was elab-
orated for the periods 1760−1763 (Michalczewski 1988) and 1779−1983 (Michal-
czewski 1985). In turn, Rojecki (1965) analysed instrumental observations from
Toruń (1760−1762) and compared them to those available for Warszawa. Recently,
Pospieszyńska and Przybylak (2010) made a comprehensive analysis of all available
data fromToruń for the eighteenth century (1760−1764). Themost reliablemeasure-
ments of meteorological variables in the eighteenth century were likely carried out in
Żagań within the network of meteorological stations called the “Societas Meteoro-
logica Palatina”. The results of the observations were published in extenso between
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1783 and 1795 in volumes II–XIII of the Ephemerides Societatis Meteorologicae
Palatinae in Mannheim. As a whole, air temperature data from Żagań were the
subject of investigation by Przybylak et al. (2010b, 2014a).

To ensure the completeness of the review, it is crucial to note that in the last decade
of the eighteenth century continuous meteorological instrumental measurements
started in Wrocław in 1791 and in Kraków in 1792. Three series of meteorological
variables covering the entire period of observations in Kraków were described in the
following papers: Trepińska (1997, atmospheric pressure), Trepińska and Kowanetz
(1997, air temperature), and Twardosz (1999, atmospheric precipitation). Similarly
forWrocław, air temperature and precipitation series for the periods 1791−2007 and
1791−2010 were elaborated by Bryś and Bryś (2010a) and Przybylak et al. (2013),
respectively. In the first paper homogenised series ofmean (total)monthly air temper-
ature (atmospheric precipitation) values are also attached. What is more, Bryś and
Bryś (2010b) present a very detailed history of air temperature measurements in the
area of Wrocław in the period 1791−1890 and introduced corrections to the mean
monthly data. They also attached daily mean temperatures for the period 1791−1800
afterGalle (1857).Galle, in thementionedpublicationpublishedWrocławair temper-
ature data recorded in the years 1791–1854 at the Breslau-Sternwarte Observatory (ϕ
= 51°06’56.5”N, λ = 17°02’10.6”E, H station = 118.0 m a.s.l, H of thermometer =
146.7m a.s.l.). The following statistics are available for readers: mean daily, monthly
and annual values, as well as extreme temperature values. In his next work (Galle
1879), the air temperature series was extended to 1875.

Dendrochronological Records

Tree Rings Definition, Formation and Climatic Potential

Annual growth rings are widely used in palaeoclimatic studies of the late Holocene,
and especially of the last two thousand years. Tree rings are composed of indi-
vidual cells which are the result of a complex sequence of assimilation of natural
resources by the tree (Speer 2010). They constitute unique research material due to:
the possibility of precise dating in calendar years, the longevity of some tree species,
the possibility to construct composite tree-ring chronologies using the cross-dating
procedure, and clear climatic signal recorded in specimens from siteswhere climate is
the main growth limiting factor. According to the theoretical foundations of dendro-
climatology, the growth limiting factor will be the one whose variability is recorded
in annual rings and which can be reconstructed on this basis (Fritts 1976). Dendrocli-
matology, the science that links tree-growth patterns to climate variability, hasmainly
focused on trees, shrubs and dwarf shrubs growing at altitudinal or latitudinal limits,
however research studies in other areas have also been conducted. Trees respond to
their surroundings, thus variations in temperature, rainfall, soil moisture, wind stress
and other elements can be reconstructed.
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The development of dendroclimatological records usually consists of the
following steps: (1) collection of samples from living trees using an increment
borer or from historical buildings/archeological objects; (2) laboratory prepara-
tion including sanding the surface of samples mounted on wooden holders; (3)
measurements of scanned samples or usingmeasuring tables; (4) visual and statistical
dendrochronological dating of sequences, including the procedure of cross-dating so
as to link sequences from different time periods; (5) development of chronology with
sufficient samples replication; (6) testing the sensitivity of the ring-width chronology
to climate (usually grid point or meteorological station monthly temperature and
precipitation records) via correlation and response functions; (7) calibration and
verification of the transfer function based on linear regression; (8) reconstruction of
climate and determination of degree of uncertainty. Statistical analysis applied in
dendroclimatic reconstructions has become increasingly complex and sophisticated.
Detailed descriptions of these procedures are presented by Fritts (1976), Hughes
et al. (1982, 2010) and Cook and Kairiukstis (1990).

On the whole, dendroclimatic reconstructions can be considered in various spatial
and temporal scales. They start with a site-level analysis of various tree species’
response to climate. Trees should be sampled in climate-sensitive sites, avoiding
obvious damage and visible effects of microenvironmental factors. Tree response to
climate frommany sites across the region can be used to identify the differentiation of
climate variables that affect tree growth. A network of chronologies can be applied to
reconstruct broad-scale climatic variability, also from the perspective of atmospheric
circulation (Speer 2010).

Distribution of Dendroclimatological Records in Poland

Thanks to the development of dendrochronological research since the mid-twentieth
century, the spatial extent of tree-ring data is quite even and covers most of the area of
Poland. However, the majority of the dendrochronological records use growth-ring
width sequences originating from living trees that grow nowadays, and therefore the
time range of these data covers the last 100 years up to about 250 years (Table 5.2).
Over the past few decades progress in dendrochronological research has led to the
creation of chronologies for most native and introduced species occurring in Poland
(for details see reviewwrittenbyZielski et al. (2010),where all available chronologies
until 2009 are listed in Table 7.1). From a large number of published papers, in this
chapter we have focused only on the research that investigated the relationships of
growth with climate and potentially applicable in climate reconstructions.

So far, the most attention was devoted to the study of dendroclimatology of
Scots pine (Pinus sylvestis L.) (e.g. Zielski 1997; Feliksik et al. 2000; Cedro 2001;
Wilczyński et al. 2001;Wilczyński and Skrzyszewski 2002a, 2002b; Przybylak et al.
2005; Szychowska-Krąpiec and Krąpiec 2005; Szychowska-Krąpiec 2010; Zielski
et al. 2010; Koprowski et al. 2012; Opała and Mendecki 2014; Opała 2015; Balan-
zategui et al. 2018), which clearly indicate the influence of winter (previous year
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Table 5.2 Characteristics of the selected dendroclimatological records available for Poland

No Site/Region Time span Type of material Climatic
signal

References

Southern Poland (Mountains and Uplands)

1 Polish Carpathian
Mountains

1743−2015 tree-ring width of
Larix decidua

temp. May Danek et al. (2017)

2 Polish Carpathian
Mountains

1900−1998 tree-ring width of
Pinus sylvestis

temp.
Feb−Aug
prec.
Mar−Apr,
Jun−Aug

Wilczyński et al.
(2001) and
Wilczyński and
Skrzyszewski
(2002b)

3 Tatra Mountains 1550−2004 composite
tree-ring width of
Pinus cembra,
Picea excelsa,
Picea abies

temp.
Jun−Aug

Ermich (unpublished)
after Bednarz and
Muter (2010),
Feliksik (1972),
Bednarz 1976, 1984),
Schweingruber et al.
(1979), and
Niedźwiedź (2004,
2010)

4 Tatra Region 1661−2004 composite
tree-ring width of
Picea abies, Pinus
cembra, P. mugo

temp.
Jun−Jul

Savva et al. (2006),
Büntgen et al. (2007),
and Kaczka et al.
(2016)

5 Tatra Region 1709–2004 maximum
latewood density
of Picea abies

temp.
Apr−Sep

Büntgen et al. (2007)

6 Tatra Mountains
(~1000 m a.s.l.)

1700−? tree-ring width of
Pinus sylvestris

summer
drought,
summer
humidity

Büntgen et al. (2012)
and Kaczka et al.
(2016)

7 Żywiec Beskid,
Babia Gora

1650–1910
1704−2012

tree-ring width of
Pinus cembra,
Picea abies

temp.
Jun−Jul

Bednarz (1996),
Bednarz et al. (1999),
and Kaczka et al.
(2015)

8 Żywiec Beskid, Mt
Pilsko area

1641−1995
1627−2004

tree-ring width of
Picea abies

temp.
Jun−Jul

Szychowska-Krąpiec
(1998) and Kaczka
and Büntgen (2006)

9 Little Beskid,
Żywiec Beskid,
Silesian Beskid

1900−2000 tree-ring width of
Picea abies

temp.
winter/spring

Feliksik and
Wilczynski (2000)
and Wilczyński and
Feliksik (2004, 2005)

10 Bieszczady
Mountains

1840−2010 tree-ring width of
Fagus sylvatica

temp. winter,
drought
Jun−Jul

Chojnacka-Ożga and
Ożga (2014)

11 Bieszczady
Mountains

1879−2014 tree-ring width of
Larix decidua

temp. May Danek and Chuchro
(2016)

(continued)
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Table 5.2 (continued)

No Site/Region Time span Type of material Climatic
signal

References

12 Bieszczady
Mountains

1926−2010 tree-ring width of
Picea abies

temp. Jul Kaczmarczyk and
Kaczka (2014)

13 Sudetes Region 1825−2014 tree-ring width of
Picea abies

temp.
Apr−Jul

Opała-Owczarek
et al. (2019)

14 Śnieżnik Massif 1827−2013 tree-ring width of
Picea abies

temp.
May−Jul

Opała and Owczarek
(2016)

15 Karkonosze, Mt
Szrenica

1924−2016 tree-ring width of
Pinus mugo

temp.
Jun−Aug

Migała et al. (2000)
and Opała-Owczarek
et al. (unpublished)

16 Klodzko and Jelenia
Gora mid-mountain
basins

1930−1990 tree-ring width of
Pinus sylvestis

temp.
Feb−Mar,
Jul−Aug,
prec. Jul

Wilczyński et al.
(2001) and
Wilczyński and
Skrzyszewski
(2002a)

17 Lesser Poland region 1091−2006 tree-ring width of
Pinus sylvestis

temp.
pDec−Mar

Szychowska-Krąpiec
(2010)

18 Lesser Poland
Region

1109−2004 tree-ring width of
Abies alba

temp.
pDec−Mar,
Jul−Aug

Szychowska-Krąpiec
(2010)

19 Lesser Poland
Region

910−1997 tree-ring width of
Quercus sp.

prec. Jun−Jul Krąpiec (1998)

20 Upper Silesia 1568−2010 tree-ring width of
Pinus sylvestis

temp.
Feb−Mar

Opała and Mendecki
(2014) and Opała
(2015)

21 Upper Silesia 1739−2010 tree-ring width of
Quercus sp.

temp.
pDec−Jan

Opała and Mendecki
(2014)

22 Holy Cross
Mountains

1870−2005 tree-ring width of
Abies alba

temp. Mar,
drought
Jun−Jul

Bronisz and Bronisz
(2010)

23 Holy Cross
Mountains

1931−1994 tree-ring width of
Pinus sylvestis,
Abies alba, Fagus
sylvatica

temp.
Feb−Mar

Feliksik et al. (2000)
and Wilczyński et al.
(2001)

24 Cracow Upland 1861−2008
1882−2008
1898−2008

tree-ring width of
Fagus sylvatica,
Pinus sylvestis,
Abies alba

temp. Feb,
prec.
Jun−Jul;
temp. p
Dec–Mar,
prec. Jun;
temp.
Feb−Apr,
prec. Jun

Szychowska-Krąpiec
and Krąpiec (2002)
and Opała (2009)

(continued)
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Table 5.2 (continued)

No Site/Region Time span Type of material Climatic
signal

References

25 Sandomierz Basin 1900−2003 hydrogen isotope
ratios in
á-cellulose of
Pinus sylvestris,
Quercus robur

temp.
summer,
precip.
summer

Szczepanek et al.
(2006) and Treydte
et al. (2007)

26 Sandomierz Basin 1881−1985 tree-ring width of
Quercus robur

prec.
May−Aug

Bednarz and Ptak
(1990)

27 NE Cracow ~1100 yrs carbon isotope
ratios in
á-cellulose of
Quercus

prec.
May−Jul

Krąpiec et al. (1998)
and Jędrysek et al.
(2003)

28 Lesser Poland,
Lublin Upland

1790−2000 tree-ring width of
Picea abies

temp.
Feb−Mar,
prec. Jun

Koprowski and
Zielski (2006)

Central Poland (Lowlands)

29 northern Mazovian
Lowland

1796−1992 tree-ring width of
Quercus sp.

prec.
Jun−Aug

Bronisz et al. (2012)

30 Mazovian Lowland,
Podlachian Lowland

1790−2000 tree-ring width of
Picea abies

temp. May,
drought Jun

Koprowski and
Zielski (2006)

31 Silesian Lowland 1897−2006 tree-ring width of
Picea abies

temp.
pJun−Sep,
prec. Feb,
May-Jul

Koprowski (2013)

32 Silesian Lowland 780−1994 tree-ring width of
Quercus sp.

prec.
Apr−Jul

Krąpiec (1998)

Northern Poland (Lakelands and southern Baltic coast)

33 Greater Poland 449−1994 tree-ring width of
Quercus sp.

prec.
Apr−Jul

Krąpiec (1998)

34 Kuyavian-Pomerania 1168−2000 tree-ring width of
Pinus sylvestis

temp.
Feb−Mar,
prec.
May−Jul

Zielski (1997) and
Koprowski et al.
(2012)

35 Western Pomerania 1757−2000 tree-ring width of
Pinus sylvestis

temp.
winter/spring,
prec. Jun−Jul

Cedro (2001)

36 Western Pomerania 1789−2004 tree-ring width of
Quercus sp.

prec. pOct,
pDec, Feb,
Jun

Cedro (2007)

37 Suwałki Region 1582−2004 tree-ring width of
Pinus sylvestis

temp. winter Szychowska-Krąpiec
and Krąpiec (2005)

38 Tuchola Forest 1810−2010 earlywood vessel
of Quercus robur

min. temp.
winter

Pritzkow et al. (2016)

39 Masuria Lakes
District, Tuchola
Forest

1200−2010 tree-ring width of
Pinus sylvestis

temp.
Nov−Apr

Balanzategui et al.
(2018)

(continued)
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Table 5.2 (continued)

No Site/Region Time span Type of material Climatic
signal

References

40 Suwalki Lakeland,
Augustow
Wilderness

1901−1998 carbon isotope
ratios in latewood
á-cellulose of
Pinus sylvestris

temp.
Jul−Aug

Pawełczyk et al.
(2004) and Treydte
et al. (2007)

41 Masurian Lakeland 1790−2000 tree-ring width of
Picea abies

prec.
May−Jul

Koprowski and
Zielski (2006)

42 Pomerania Lakeland,
Western Pomerania

1881−2004 tree-ring width of
Picea abies

prec. Feb,
May−Jul

Koprowski (2013)

43 Kuyavian-Pomerania 1893−2005 tree-ring width of
Picea abies

prec. Feb,
May−Jul,
temp.
Feb–Mar

Koprowski (2013)

44 Kaszubskie
Lakeland

1914−2006 tree-ring width of
Abies alba

temp.
Jan−Feb

Bijak (2010)

45 Southern Baltic coast 1673−1982 tree-ring width of
Quercus

temp.
pAug−Sep,
May, prec.
pAug, pNov,
Jun

Ważny and Eckstein
(1991)

December to current year March) temperature on ring formation and also the role of
summer precipitation. These climate/growth relations are similar throughout Poland.
Regional differences in dendroclimatic response of pine trees have been presented by
Zielski and Sygit (1998) and Wilczyński et al. (2001). Norway spruce (Picea abies
Karst.) is also a frequently studied species, especially in the mountainous area of the
Carpathian and SudetesMountains, where its growth-ring widths show clear temper-
ature signal (temperature during spring/summer season, from April to September or
fromJune to July) (e.g. Feliksik 1972;Bednarz 1976, 1984, 1996;Bednarz et al. 1999;
Szychowska-Krąpiec 1998; Feliksik and Wilczynski 2000; Wilczyński and Feliksik
2004, 2005; Kaczka and Büntgen 2006; Savva et al. 2006; Büntgen et al. 2007;
Zielski et al. 2010; Kaczmarczyk and Kaczka 2014; Kaczka et al. 2015, 2016; Opała
and Owczarek 2016; Opała-Owczarek et al. 2019). In the lowlands and lakelands of
Northern Poland, spruce tree rings mainly show dependence on February and May–
July precipitation (Koprowski and Zielski 2006; Koprowski 2013). Among other
coniferous species, intensive research was also carried out on silver fir (Abies alba
Mill.) fromdifferent regions of Poland (Bijak 2010; Bronisz et al. 2010; Szychowska-
Krąpiec 2010) and European larch (Larix decidua Mill.) (Danek et al. 2017; Danek
and Chuchro 2016) proving mainly temperature signal (from previous December
to March for fir, May for larch, respectively). Apart from the results presented in
Table 5.2, less commonly occurring species (among others: juniper, yew, Douglas
fir, plane-tree) were also investigated and presented in Polish dendroclimatological
literature.
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A very important species for dendrochronology and dendroarcheology is oak
(Quercus sp.), for which the longest scales were constructed in the area of Poland.
Review of these studies was included in thework of Krąpiec (1998). Existing dendro-
climatological research demonstrated dependence of the annual growth width of
oak upon precipitation in spring and summer (Bednarz and Ptak 1990; Ważny and
Eckstein 1991; Cedro 2007; Bronisz et al. 2012; Pritzkow et al. 2016). However, the
issue of climate reconstruction raises some concerns due to instability of climatic
signal, unspecified local factors and diverse habitats of previous generations of oak
trees (Krąpiec 1998).

Long-term dendrochronological records, exceeding the last 2−3 hundred years
are the most valuable for research on climate variability and change, as they consti-
tute unique research material for reconstructing past climatic conditions in the pre-
instrumental period. Due to the lack of long-lived tree species growing in Polish terri-
tory, such unique records were constructed on the basis of historical and archaeolog-
ical wood elements. For the area of Poland millennium-long composite chronologies
exist for Lower Silesia (oak: Krapiec et al. 1998), Lesser Poland (oak: Krapiec et al.
1998, pine and fir: Szychowska-Krąpiec 2010), Greater Poland (oak: Krapiec et al.
1998) and Kuyavian-Pomerania region (pine: Zielski 1997) (Table 5.2). Records that
go beyond the period of instrumental observations, although not covering the entire
millennium, are also very valuable. Such data have been compiled for the Tatra
Mountains (Bednarz 1976, 1984; Schweingruber et al. 1979; Niedźwiedź 2004),
Upper Silesia (Opała 2015), the Suwalki Region (Szychowska-Krąpiec and Krąpiec
2005), the Masuria Lakes District and Tuchola Forest (Balanzategui et al. 2018).

Additionally, there is a number of floating chronologies, un-continued chronolo-
gies and chronologies which reach back into the past before the common era, but
did not cover the recent time period and cannot be calibrated against recent climatic
data, thus making their value for climate research limited (for details see: Zielski and
Krąpiec 2004, Zielski et al. 2010).

Besides the most common type of proxy such as tree-ring width, there were
attempts to use other tree-ring proxies: maximum latewood density (MXD), carbon
and hydrogen isotopes ratios in latewood α-cellulose and early wood vessel param-
eters. Latewood density of coniferous trees is well recognised and established in
dendroclimatological research (Schweingruber et al. 1979). It has been shown that
density variation contains strong climatic signals, providing the best results for
trees growing in extreme conditions—boreal and high elevation mountain forests.
In Poland, the study made by Büntgen et al. (2007) facilitated reconstruction of
April–September temperatures in the Tatra Mountains since the eighteenth century.
A similar climatic signal (mean temperature fromMay to September), was extracted
for Norway spruce growing in the Tatra Mountains from latewood Blue Intensity
(BI), a new climate proxy that is less expensive in comparison to MXD (Kaczka
et al. 2017). Both types of proxy, MXD and BI, correlate more strongly with climate
than tree-ring width, however these differences mainly depend on the season (single
months) of dendroclimatic reaction.

Isotopic variations (carbon and hydrogen isotopes ratios) in latewood α-cellulose
of Pinus sylvestris tree ring from Augustów have been studied as a possible proxy
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of temperature (Pawełczyk et al. 2004; Treydte et al. 2007). While carbon isotope
ratios in α-cellulose of Quercus sp. from the Vistula flood plain in the vicinity of
Kraków and Niepołomice proved to be a sensitive indicator of summer precipitation
(May–July) (Krąpiec et al. 1998; Jędrysek et al. 2003). Investigation of Szczepanek
et al. (2006) demonstrates that the best climatic indicators are: hydrogen for summer
temperature and oxygen for summer precipitation. It was also deduced that pine is a
more sensitive indicator of environmental changes than oak.

Another attempt to improve weak climatic signal in oak species was done by
Pritzkow et al. (2016), who developed wood anatomical chronologies of oak tree ring
from Tuchola Forest. The authors proved that the average vessel area revealed signif-
icant positive correlations to minimumwinter temperatures. The reconstruction indi-
cates a promisingdirection andpotential to reveal low-frequency climate information.
All those other than ring-width proxies may reveal low-frequency climate informa-
tion, and thus may help in further development of multicentennial dendroclimatic
reconstructions in Poland.

Climate Reconstructions Based on Tree Rings

Summer Air Temperature

Dendroclimatic reconstruction of summer temperatures were provided by incre-
ment widths of Norway spruce from the highest part of the Polish mountains, in
the vicinity of upper timberline. Growth-climate response analysis indicates that
April–July temperatures are the main factor affecting radial growth of trees in the
Sudetes Mountains and June–August temperatures in the Tatra Mountains. Recon-
structions of tree-ring-based temperature variability presented here covers circa the
last 450 years for the Tatras (Niedźwiedź 2004) and the last 200 years for the Sudetes
Mountains (Opała-Owczarek et al. 2019) (Fig. 5.9). Results covering the summer
temperatures in the Tatra Mountains are based on the proxy tree-ring width data
of Pinus cembra for 1732–1969 (Bednarz 1984) and Picea abies for 1766–1965
(Feliksik 1972) and 1699–1978 (Schweingruber et al. 1979). Dendrochronological
data for Sudetes were developed on the basis of cores from living Picea abies trees
from leeward (eastern) slopes (less affected by pollution) (Opała-Owczarek et al.
2019), which were calibrated against instrumental data from the Mt. Śnieżka mete-
orological station (1603 m a.s.l.) IMGW-PIB (Institute of Meteorology and Water
Management—National Research Institute).

For the Tatra Mountains it was possible the reconstruction of summer (June–
August) air temperature (Niedźwiedź 2004) for the upper timberline represented by
the meteorological station IMGW-PIB at Hala Gąsienicowa (1520 m.a.s.l). Direct
measurements cover the period 1927–1938 and 1947–2019. Data for the years 1896–
1926 and 1939–1946 were reconstructed after summer temperature in Zakopane
(857 m a.s.l.). The correlation coefficient between summer temperatures of these
stations is very high (r = 0.953, standard error of estimation se = ±0.3 K). Data for
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Fig. 5.9 Reconstruction of mean June–August air temperature (°C) in the Tatra Mountains at the
upper timberlineHalaGąsienicowa (1520ma.s.l.) using standardised chronologies of livingNorway
spruce (Picea abies Karst) tree-ring widths in Tatras (1700–1791) and Eastern Alps (1552–1699),
and measured temperature in Kraków(1792–1895), Zakopane (1896–1926; 1939–1946), and real
data for the years measured at Hala Gąsienicowa Station (1927–1938; 1947–2019) (modified after
Niedźwiedź 2004; Bednarz 2015; Opała-Owczarek et al. 2019)

the period 1792–1895were estimated from regression equationwithKraków temper-
atures (r = 0.880, se = ±0.6 K). Reconstruction of summer temperatures for the
period 1700–1791 based on dendrochronological data from the Tatras (se= ±0.8 K;
Bednarz 1976, 1984, 2015; Feliksik 1972; Schweingruber et al. 1979; Kaczka et al.
2016) and the Eastern Alps for the years 1552–1699 (se = ±1.0 K; Bednarz 1984;
Bednarz andNiedźwiedź 2006) were less accurate. The average summer temperature
in the period 1552–2019 amounted to 10.2 °C (standard deviation: std = ±0.97 K).
The coldest summer was found in 1913 (7.7 °C, with deviation from average dT =
−2.5 K), the warmest ones were in 1568 and 1811 (13.2 °C, dT = +3.0 K) and the
last summer 2019 (13.0 °C, dT = +2.8 K).

In the course of the average summer temperature (JJA) in the period
1552–2019 (Fig. 5.9), large fluctuations are visible. There is additional
information in the presentation of the occurrence of the number of cool (dt ≤
−1.0 K) and warm (dt ≥+1.0 K) summers in consecutive decades (Fig. 5.10).
In the initial phase of LIA, the average summer temperature in the Tatras was
marked by significant fluctuations between the cool summer of 1555 (8.8 °C, dT
= − 1.4 K) to the warmest in the whole analysed series of data, the summer of
1568 (13.2 °C, dT = + 3.0 K). After this period, the first cool phase of the LIA
(1576–1675) can be observed. The dense cool period covers the first 21 years (1576–
1596), when 7–8 cold summers were recorded in particular decades (Fig. 5.10). In
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Fig. 5.10 The number of cold (≤−1 standard deviation from average) and warm summers (≥+1
standard deviation) for consecutive 10 years in the Tatra Mountains at the upper timberline Hala
Gąsienicowa (1520 m a.s.l.) during the period 1552–2019. Average June–August temperature =
10.2 °C, standard deviation = ±0.97 °C

the summer of 1584, the average temperature dropped to 8.3 °C (dT = −1.9 K). In
the next cool decade, 1630–1639, five cold summers were reported, with the coldest
summer 1639 (8.5 °C, dT=−1.7K). Over the next 151 years (1676–1826), relatively
warm summers prevailed. This period is divided into five longer warm phases and
four shorter cool phases. The warmest were two decades: 1678–1687 (with 7 warm
summers) and 1783–1792 (8 warm summers). But the warmest summer, similar as in
1568, occurred in 1811 (13.2 °C, dT=+3.0K). The last episode of LIA (1827–1895)
lasted 69 years. The coolest was the period 1835–1845, with a very cold summer in
1844 (8.4 °C, dT = −1.8 K).

In the contemporary period (1896–2019), there are threewarm (1896–1905, 1927–
1959, 1991–2019) and two cool episodes (1906–1926 and 1960–1990).An extremely
cold summer, 1913 (7.7 °C, dT = −2.5 K), was noticed in the first cool episode.
It was the coldest summer in the whole data series. Such a large drop of summer
temperature can be explained by the eruption of Katmai volcano in Alaska on 6
June 1912 (Bednarz 2015). The third coldest summer occurred in 1923 (8.2 °C, dT
= −2.0 K). During the second cool phase, the coldest were the summers of 1978
(8.0 °C, dT = −2.2 K) and 1984 (8.3 °C, dT = −1.9 K). A period of significant
warming began in the summer of 1992 (12.5 °C, dT = +2.3). After 1998, only two
years (2004 and 2005) had temperatures lower than average. Since 2006, only warm
summers have been recorded. During this period, as many as four summers (2019
13.0 °C, 2015 12.8 °C, 2012 12.3 °C and 2017 12.2 °C) were characterised by an air
temperature two degrees higher than average.

The oldest period of the Tatra Mts. summer temperature reconstruction includes
the final phase of climate warming observed in Poland in the second half of the
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Fig. 5.11 Comparison of summer temperature dendroclimatic proxy records: reconstruction of
mean June–August air temperature in the Tatra Mountains (a) and mean April–July air temperature
in the Sudetes Mountains (b) using standardised chronologies of living Norway spruce (Picea abies
Karst) tree-ring widths (data smoothed by 11-years average; modified after Niedźwiedź 2004;
Opała-Owczarek et al. 2019). Common warm and cold periods are shaded in yellow and grey,
respectively

sixteenth century.Warming in the mid-sixteenth century was followed by a long cool
period 1576–1675. Dendroclimatological studies have identified several especially
cold periods in the latter part of the LIA: 1650–1660, 1670–1680, 1720–1775. The
final phase of the LIA was also marked by a sequence of exceptionally cold years
at the turn of the eighteenth and nineteenth centuries. The next cold decade was
reconstructed in the years 1830–1840. The course of further changes in summer
temperatures in the TatraMountains can be comparedwith dendroclimatological data
from Sudetes (Fig. 5.11). Except the divergent period 1825–1865, a similar course of
temperature changes can be observed in both mountain massifs. The reconstructed
courses of temperature data show warm periods: 1870–1880, 1890–1905, 1945–
1955 and recent warming at the turn of the twentieth and twenty-first centuries. Cold
decades were also identified in the years: 1881–1890, 1906–1915.

Winter Air Temperature

Tree-ring width of pines from the lowland areas were confirmed as good indicators of
winter temperatures. Investigations into climate–growth relationships indicate that
these records contain the signal of winter temperature variability in general, but for
individual records climatic signal differs from narrow February–March window to
wider November–April season. Dendroclimatic reconstructions that were developed
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for Poland facilitated analysis of winter temperature variability over the last 500–
1000 years, depending on the region (Table 5.2, Fig. 5.12). All of these records
are based on pine samples from living trees as well as historical and archaeolog-
ical wood, which has made it possible to reach back over the past centuries to the
beginning of the second millennium. Dendrochronological data for Northern Poland

Fig. 5.12 Comparison of winter temperature dendroclimatic proxy records: reconstructions of
mean November–April air temperature in Northern Poland (Bory Tucholskie and Masuria Lake
District) (a), mean February–March air temperature in Kujawy and Pomorze region (b), mean
February–March air temperature in Lesser Poland (c), mean February–March air temperature in
Upper Silesia (d) using standardised chronologies of living and relict Scots pine (Pinus sylvestris
L.) tree-ring widths (data smoothed using 11-years running means; modified after Szychowska-
Krąpiec 2010; Zielski et al. 2010; Koprowski et al. 2012; Opała 2012, 2015; Balanzategui et al.
2018). Common warm and cold periods are shaded in yellow and grey, respectively
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(1084–2010 A.D.) were developed on the basis of cores from Scots pine growing
in the Masuria lakes district and Bory Tucholskie reserve (Tuchola Forest) (“MBT”
record), supplemented by historic wood material collected from several town halls
and churches. The sensitivity of this ring-width chronology to climate was tested
against 0.5° × 0.5° grid point 53.5° N, 19.5° E from the Climate Research Unit
(CRU) TS 3.23 data set (Balanzategui et al. 2018). The second dendrochronolog-
ical record for Northern Poland was constructed for the Kuyavian-Pomerania region
(“KP” record) (1168–2000 A.D.) using 55 samples from living trees and 111 from
historical buildings, calibrated against climate data from the IMGW-PIB Bydgoszcz
meteorological station (for the years 1861 to 2000) (Zielski and Krąpiec 2004; Przy-
bylak et al. 2005; Zielski et al. 2010; Koprowski et al. 2012). For Southern Poland,
millennium-long pine chronology (1091–2006) was composed for Lesser Poland
region (“LP” record) utilising samples from trees growing in forests in Niepołomice
and Nowy Targ and from historical wood samples originating from roof structures of
churches, secular objects, wooden casings of the salt mines inWieliczka and Bochnia
and archaeological sites in Kraków. The TRW record was compared with meteoro-
logical data fromKraków and Kraków-Balice meteorological stations (Szychowska-
Krąpiec 2010). The Upper Silesia chronology (“US” record), composed of samples
from pines growing in six nature reserves and timber mainly from buildings located
in the Open-Air Museums, covers the period 1568–2010 A.D. Direct measurements
cover the periods: 1885–2012 (data from Katowice, Opole and Racibórz meteoro-
logical stations) and 1792–1884 (reconstructed after winter temperature measure-
ments from Głubczyce, Wrocław and Kraków meteorological stations) (Opała and
Mendecki 2012; Opała 2015).

Dendroclimatic reconstructions of winter temperature history over the last millen-
nium show regional differences, however, some similarities are particularly strongly
expressed during periods of strong cooling or above average conditions (Fig. 5.12).
For the first two centuries of the last millennium a number of dendrochronological
series reconstructing temperature conditions in Poland is too small to reliably recon-
struct climate. For the thirteenth and fourteenth centuries significantly greater density
of dendroclimatological series exists (>three regional records).

The earliest period of reconstructions largely agrees between tree-ring proxy series
showing cooling around 1250, 1320–1350 and 1400. In all three pine records, the
beginning of the thirteenth century is characterised by distinct warm conditions, simi-
larly like the second half of the fourteenth century and decades: 1440–1460, 1510–
1520. Warmer-than-average conditions were also reconstructed for the following
decades: 1620–1630 (not present in “MP” data), 1660–1680, 1805–1815 (not present
in “KP” data), 1825–1835.

Since the end of the sixteenth century, several extended belowaverage cold periods
prevailed in almost all pine tree-ring-based records: 1580–1600, 1650–1660, 1690–
1700, 1750–1780, 1865–1875. However, most of these cool decades are not clearly
marked in the “LP” data. In turn, a prolonged cold episode in the second half of the
eighteenth century is particularly expressed in all but “MBT” data.

We may conclude that reconstructed temperatures over the last millennium in
different regions of Poland, during winter and summer seasons, indicated similar



98 M. Opała-Owczarek et al.

course in dendroclimatic data. The cold periods around 1650–1660 and 1750–1780
andwarmperiods 1660–1675 and 1870–1880 are especially pronounced. It should be
noted, however, that the most accurate reconstruction of thermal conditions was that
of the Tatra Mountains, as the climate sensitivity of these proxy data is the highest,
while accuracy of the dendroclimatic models for lowland areas are slightly lower.

Precipitation and Drought

For dendroclimatological data, opposite then for documentary evidence, the recon-
struction of summer temperatures is more accurate than of winter temperatures,
but similarly as for documentary evidence reconstruction of atmospheric precip-
itation based on tree-ring data is the most difficult. It is connected with the low
precipitation signal present in the dendroclimatological records developed for the
territory of Poland. As a result, there is a limited number of works with recon-
structed precipitation in Poland in the pre-instrumental period based on tree rings
in comparison to other parts of Europe (e.g. Vitas 2004; Masson-Delmotte et al.
2005; Čufar et al. 2008; Büntgen et al. 2010, 2011a, b; Dobrovolný et al. 2015). It
seems that further development of multiproxy tree-ring analysis of millennium-long
oak chronologies (described in the previous subchapter) will have a potential in the
future dendroclimatic reconstruction of precipitation conditions in Poland.

Existing analysis of past precipitation conditions in Poland is mainly based on
discontinuous dendrochronological data—analysis of pointer years. These kinds of
studies were presented by different authors in regional works. Recently, frequen-
cies of droughts derived from tree rings were presented in the work of Przybylak
et al. (2020). Dendrochronological data from 22 chronologies from various locations
in Poland confirmed that the greatest number of negative pointer years (proxy for
droughts) occurred in the second half of the sixteenth century and eighteenth century.

Tree-ring-based reconstructions of extreme precipitation conditions can be found
in dendrogeomorphological studies, however the time span of these analyses is
limited, and these types of reconstructionmainly refer to extraordinary rainfall events.
Zielonka et al. (2008) reconstructed flood events in a small mountain stream in the
Waksmundzka Valley in the Tatra Mountains, Western Carpathians. Cross-dated
flood scars found in Norway spruce trees growing along stream banks most likely
formed by woody debris and stones transported during flood events indicate 17 years
with flood events in the period between 1928 and 2005. It was proved that the high
mid-summer rainfall (approximately 300 mm or more per month) which peaks in
June, July, August—coincides with some of the flood scar formation, while high
winter and spring precipitation (December–May) does not. Another paleohydro-
logical analysis using scarred trees as paleostage indicators in the Tatra Mts. was
presented by Ballesteros-Cánovas et al. (2016). Floods larger than those we experi-
ence nowadays were found to have occurred in the Strążyska and Łysa Polana valleys
in the first half of the twentieth century. Tree-ring-based reconstruction of debris
flows/floods history in the Sudetes was carried out by Malik and Owczarek (2009)
and recently by Tichavský et al. (2017), who identified extreme hydro-geomorphic
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events during the period of 1889–2013, mostly triggered by extreme daily rainfall
(≥50 mm).

Varved Sediment Records

Varve Definition, Formation and Preservation

Varved lake sediments demonstrate characteristic horizontal bedding called lami-
nation. The term “lamina” is understood as a single, macro- or microscopically
distinguishable layer being the effect of deposition in a specific time period, e.g. one
season. The term “varve”, on the other hand, means a set of laminae deposited during
one year. A varve may consist of a different number of laminae, in a simple case
of two (Brunskil 1969), but examples of varves consisting of three (Bull and Kemp
1996), four (Dickman 1979; Renberg 1986) or even more laminae (Saarnisto et al.
1977) have been documented. The most common features that distinguish individual
laminae are: sediment colour, grain-size differences and biological composition.

Thehistory of using the term“varve” is 150years old (Zolitschka 2007). Initially, it
was used to describe rhythmically deposited clays in a proglacial environment. With
the progress in lake sediment research, the meaning was extended to all annually
laminated sediment records. According to Renberg (1981), the term “varve” means
sediment deposited within one year, therefore it is not strictly related to any type of
sedimentary environment. It is now widely accepted to use this term for lacustrine
deposits in different environmental settings and climatic zones (Anderson et al. 1985;
O’Sullivan 1983; Saarnisto 1986; Zolitschka 2007; Zolitschka et al. 2015), as well
as marine and ocean sediments (Kemp 1996).

Varves are formed and preserved in bottom sediments only under specific condi-
tions. Two fundamental requirements for the development of varves in lacustrine
sediments are: (1) seasonal variations in biological activity, chemical processes and
terrestrial input, causing changes in sediment composition, and (2) appropriate condi-
tions for varve preservation, i.e. limited physical mixing and bioturbation. The first
condition results in the fact that varved sediments are found mainly in the lakes
in temperate zones characterised by strong seasonal climatic contrasts. Variability
in temperature and precipitation is responsible for the annual rhythm of physical,
biological and chemical processes in the lake and its catchment. Although the vast
majority of lakes on Earth are located in areas with favourable climatic conditions,
sites with varved sediments are quite rare. This is because a key role is played by the
conditions responsible for preservation of varves, which often occur in lakes with
anoxic bottom waters where bioturbation is negligible or absent. As a result, the
occurrence of varved sediments is often restricted to the deepest and mostly anoxic
parts of the lake basins (Petterson et al. 1993; Tylmann et al. 2012).

Varves are classified according to their composition and mechanisms of their
formation (Zolitschka et al. 2015). Clastic varves consist mainly of minerogenic
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material and are formed as a result of seasonal variability in grain size of the
allochthonous matter delivered to the lake by inflows, surficial flow or aeolian
processes. In biogenic varves, the major mechanism is related to seasonal variability
of biological productivity and biochemical processes in the water column. In arid
climatic zone, an increase in salinity and pH as a result of intensive evaporation
from the water surface leads to precipitation of minerals (e.g. gypsum, calcite, arag-
onite, halite) from the water column and formation of endogenic varves. However,
varying climatic and environmental conditions favour the deposition of mixed varve
types, e.g. biogenic varves could contain endogenicminerogenic components such as
calcite. Mixed varve types are common not only in different environmental settings
but are also observed in sediments deposited in different time periods at individual
sites (Brauer 2004).

Potential of Varves for Climatic Reconstructions

The fundamental advantage of varved sediments is the possibility to establish
precise time scales in calendar years through varve counting, which provides a
solid geochronological framework that is an essential element of paleoenvironmental
reconstructions. In addition to time control, varve chronology provides accurate and
continuous record of changes in sedimentation rates through time. Another advan-
tage of varves is that they provide high-resolution (annual) data. For example, the
analysis of structure and composition of individual varves (thickness, size of calcite
crystals, amount ofminerogenicmaterial, etc.) is a valuable tool that facilitates recon-
struction of the environmental and climatic conditions during sediment deposition.
High-resolution time series can be achieved usingmicrofacies analysis (Brauer 2004)
and non-destructive scanning techniques (Rothwell and Croudace 2015). For lakes
with high sedimentation rates, e.g. a few millimetres per year, analyses of biological
proxies may also approach the annual resolution.

As pointed out by Zolitschka et al. (2015), the nature of palaeoclimatic reconstruc-
tions based on varved sediments depends on the type of varves. For example, clastic
varves may include important hydroclimatic information about changes in precipita-
tion and fluvial transport of minerogenic matter from the catchment area into the lake
basin (e.g. Cockburn and Lamoureux 2008; Ojala and Alenius 2005). In contrast,
organic and mixed type varves contain a variety of fossil remains like pollen, plant
macrofossils, non-pollen palynomorphs, diatoms, chrysophyte cysts, chironomids,
ostracods, cladocera, etc., that enable qualitative and quantitative palaeoclimatic
reconstructions (Cumming et al. 2012). A wealth of biological proxies offers possi-
bility to reconstruct such climatic parameters as temperature, precipitation or wind
intensity.
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Distribution of Varved Sediments in Northern Poland

In Europe, most varved sediment profiles have been discovered as a result of system-
atic surveys guided by statistical analysis of lake basins and catchment data (Ojala
et al. 2000; Zillén et al. 2003; Tylmann et al. 2013). Before the systematic search
for varved records in northern Poland, Lake Gościąż represented the only site in
East-Central Europe with a detailed study of environmental changes recorded in
varved sediments (Ralska-Jasiewiczowa et al. 1998). In addition, only short lami-
nated sections related to early stages of lake development or intermittently lami-
nated sediment cores were occasionally reported (Więckowski 1978; Wacnik 2009).
However, the postglacial landscapes of Northern Poland possess a number of lakes,
which show a wide diversity of morphometric features, hydrological regimes and
trophic states, making the area ideal for a survey of potential lacustrine climate
archives. Also, the climate characterised by typical continental features indicated by
distinct seasonal differences supports the formation of varved sediments.

Results of field surveys (Tylmann et al. 2006, 2013; Tylmann and Zawadzka 2008)
as well as new findings in other parts of Northern Poland (Osadczuk 2007; Czymzik
et al. 2015; Słowiński et al. 2017; Ott et al. 2018; Pleskot et al. 2018) indicate that
the area is rich in lakes containing laminated sediments. Spatial distribution of lakes
with laminated sediments showsmost of them inNortheastern Poland. It has not been
confirmed whether these laminations are annual in every case, but links between
structure and composition of laminations and seasonal variability of limnological
processes suggest that they can be regarded as varves (Tylmann et al. 2013). The
combination of lake basin morphology, topographic position and catchment land use
makes conditions favourable for varve formation and preservation in these lakes.
Lakes most likely to possess varved sediments are deep relative to their surface area,
are deeply incised into the catchment and surrounded by forests. These conditions
minimise the influence of external factors, e.g. wind action, and lead to short water-
column circulation periods, incomplete mixis or even permanent stratification, i.e.
meromixis.

The large group of lakes with potentially varved sediments sheds new light on the
possibilities for paleolimnological reconstructions of climatic conditions in Northern
Poland. First, biogenic (calcite) varves possess a range of biological and geochem-
ical proxies that can be used for reconstructions. Second, sedimentation rates on
the order of several mm per year provide the opportunity to conduct high-resolution
studies. The signal of environmental conditions preserved in these lakes theoreti-
cally allows for precise analysis of rapid climate change, extreme events and human
impacts. However, quantitative reconstructions based on transfer functions require
high-resolution analysis of biotic proxies sensitive to climate change, as well as
establishing training sets of lakes and developing calibration models, which is a
time-consuming task. Thus, so far in Poland only one attempt of quantitative recon-
struction of climate conditions from varves has been made (Larocque-Tobler et al.
2015; Hernández-Almeida et al. 2017).
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Reconstruction of Climatic Conditions in Northern Poland
from Varves of Lake Żabińskie

Methods

Sediment cores were collected from the deepest part of Lake Żabińskie using Uwitec
gravity and piston corers. The lacustrine sediment sequence was ca. 19.5 metres long
and covered the entire Holocene. The two-metre-long core sections were tightly
sealed and stored in a cold room until analyses. After splitting lengthwise, the core
sections were photographed, described macroscopically, scanned with XRF, and
correlated using diagnostic layers. Half-core A was used for the chronology, while
half-core Bwas subsampled at annual resolution (varve-by-varve) or three-year reso-
lution for multiproxy analyses. Chronology for the last millennium (uppermost 3.5
metres of the sediment profile) was based on varve counting and verified by radio-
carbon dating, 137Cs/210Pb dating, and volcanic glass shards identified as Askja cryp-
totephra from 1875 CE (Bonk et al. 2015; Tylmann et al. 2016; Żarczyński et al.
2018).

The climate reconstruction presented here is based on two major biological
proxies: chironomid head capsules and chrysophyte cysts. For chironomids, samples
were picked at annual resolution between AD 2010 and 1939, and at 2- to 12-year
resolution downcore until the beginning of the last millennium according to the
varve chronology. Chironomid head capsules were extracted by placing sediment
samples in KOH 10% overnight. The samples were then sieved in a 90 μmmesh and
analysed under a stereomicroscope. Next, the head capsules were identified under
a light microscope at 40-100X using the taxonomy followed Brooks et al. (2007)
and Larocque-Tobler (2014). Details about the training set of lakes and development
of transfer function for the reconstruction of August temperature were provided in
Larocque-Tobler et al. (2015, 2016). The original chironomid dataset was published
byHernández-Almeida et al. (2017) in a synthesis paper summing up lastmillennium
environmental changes recorded in varves of Lake Żabińskie.

Chrysophyte cysts were analysed on every varve subsample for the last millen-
nium. Sediment samples were treated with H2O2 and HCl following the standard
diatomprocedure (Battarbee 1986). Sampleswere thenwashed andfiltered to remove
large particles. Chrysophyte cysts were analysed using scanning electronmicroscope
(Carl-Zeiss EVO40). Identification of the cysts followedDuff et al. (1995),Wilkinson
et al. (2002) and Huber et al. (2009). Details about the training set of lakes, devel-
opment of transfer function and reconstruction of winter severity were published by
Hernández-Almeida et al. (2015a).
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Reconstruction of Summer Temperature for the Last 1000 Years

Reconstructionof chironomid-inferredAugust temperature variability presentedhere
covers the last millennium. More than 200 samples representing the period 1000–
2010 CE were analysed for the occurrence and species composition of chironomids.
The frequency of head capsules was different, but only in some samples exceeded the
required number of 50 (Heiri and Lotter 2001). Thus, the samples were merged to 83
data points in total, each represented a period of about 12 years. Finally, the number
of head capsules in merged samples ranged from 31 to 450 and the low-frequency
samples (<50 head capsules) constituted only 23 samples. It seems to be the optimal
solution taking into account both methodological requirements and sufficient time
resolution of the reconstruction.

The chironomid-inferred August temperature record shows several characteristic
minima and warmer periods, but no overall long-term trend can be indicated. The
record startswith a dramatic temperature increase (Fig. 5.13) andwarmperiod resem-

Fig. 5.13 Reconstruction of chironomid-inferredmeanAugust temperature in Northeastern Poland
(a) compared to PAGES 2 K reconstruction for Europe (b). Chironomid analyses were done
by Isabelle Larocque-Tobler. Details were published in Larocque-Tobler et al. (2015, 2016) and
Hernández-Almeida et al. (2017). The original dataset was transformed to obtain 12-year resolu-
tion for the whole reconstruction. Data for PAGES 2 K reconstruction from PAGES 2k Consortium
(2013)
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Fig. 5.14 Reconstruction of chrysophyte-based DB4 °C (red line) compared to combined solar
and volcanic forcing (black line). Chrysophyte analyses were done by Ivan Hernández-Almeida.
Details were published in Hernández-Almeida et al. (2015a). Data for solar and volcanic forcing
from Crowley (2000)

bling Medieval Climate Anomaly (MCA), which is well pronounced between ca.
1050–1150 CE. This is inconsistent with the PAGES 2 K reconstruction for Europe,
which did not record any significant warming at the beginning of the last millen-
nium (Fig. 5.14). It must be taken into account that in this part (1000–1140 CE) the
reconstruction is based on low counts of chironomid head capsules (mostly <50)
which might have biased the reconstructed values of August temperatures. After
rapid cooling at the end of the twelfth century, the Little Ice Age (LIA) is expressed
as a long period (ca. 1200–1900 CE) with the lowest temperatures between ca. 1430–
1450, 1500–1650 and 1820–1920 CE. The nineteenth century especially presents the
coldest temperatures during the entire period, except the beginning of the millen-
nium. The twentieth century shows a strong warming trend in two steps, interrupted
by cooling between 1950 and 1970. Using 12-year resolution data, temperatures
during the last two decades are on average 0.5 °C higher compared to the average
temperature for the reconstructed MCA period.

Similarities to the PAGES 2 K reconstruction for Europe are visible (Fig. 5.13).
Several characteristic minima are consistent in both reconstructions (ca. 1450, 1600,
1820, 1900, 1970 CE), while the most pronounced minimum in the chironomid-
based reconstruction centred around 1030 CE has no confirmation in the PAGES
2 K reconstruction. Lower amplitude of temperature changes in PAGES 2 K recon-
struction is natural as it is compiled from various individual sites and is mostly
based on tree rings. Uncertainties of the chronology in both reconstructions can also
cause time shifts in the short episodes. Despite some periods of divergence between
the reconstructions, the reconstruction for Northeastern Poland suggests that in the
long-term chironomids responded similarly with other proxies/archives to changes
in temperature.
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Reconstruction of Winter Severity for the Last Millennium

Chrysophytes are regarded as good indicators of winter temperatures because the
number of consecutive days with lowwater temperatures (DB4 °C) is an ecologically
important variable for them (Kamenik and Schmidt 2005; Pla and Catalan 2005).
The DB4 °C affects the timing and magnitude of cyst production during an entire
year and shifts the percentage of cold and warm water species. Although DB4 °C
does not reflect directly cold-season temperatures, it is highly correlated to winter
length and ice-cover duration. Therefore, it may be used as an indicator of “winter
severity”.

A quantitative reconstruction of cold-season climate from varved sediments of
Lake Żabińskie covers the last millennium at a resolution of five years (Fig. 5.14). It
shows pronounced decadal and multidecadal variability with two clear shifts: from
colder to warmer winters in 1050 CE and from warmer to colder winter conditions
from 1430–1460CE. The first shift is consistent with the beginning ofMCA recorded
in the chironomid record fromLake Żabińskie. The shift to colderwinters from1430–
1460 CE is consistent with winter climate indices for Poland (Przybylak et al. 2005;
Przybylak 2011) and January–April air temperature for Central Poland reconstructed
from tree-ring widths of Scots pine (Przybylak 2011), which show strong cooling in
the period 1440–1460 CE. Higher values of DB4 °C persisted until 1700 CE, when
more variable conditions occurred.

Hernández-Almeida et al. (2015a) emphasise the striking correspondences
between the reconstruction of winter severity in Northeastern Poland and the
combined solar and volcanic forcing (Fig. 5.14). Strong volcanic forcing could
produce very long winters at sub-decadal to decadal scales. The strong evidence of
this relationship may be observed in the mid-thirteenth century. The highest values
of reconstructed DB4 °C are recorded between 1259–1263, i.e. after the biggest
volcanic eruption during the last millennium in 1258 CE. Generally, in the period
from1200–1900CE, the shifts towards severewinters coincidewith periods of cumu-
lative strong volcanic forcing, e.g. around 1450 CE, around 1600 CE, throughout the
seventeenth century and the first two decades of the nineteenth century. During the
twentieth century this relationship breaks down, which can be explained by the new
combination of forcing including the anthropogenic GHG.

Discussion

Varved lake sediments are archives of past climate variability as well as other envi-
ronmental changes including human impact. Varves enable precise dating and store
a wealth of paleoclimatic proxies used for reconstructions of summer and winter
temperature, length of ice cover, seasonal precipitation, paleofloods andwind (Brauer
2004; Zolitschka et al. 2015). However, all of these factors influence the lake system
directly (e.g. water temperature, mixing regime, water column oxygenation, biolog-
ical productivity) or indirectly (e.g. vegetation cover in the catchment, soil erosion,
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influx of minerogenic particles and nutrients) with different intensity in different
time intervals. Disentangling these overlapping influences is probably one of the
most difficult problems to be solved, and cause uncertainties in the interpretation of
reconstructions based on proxy records from lake sediments.

The presented reconstructions of summer temperature and winter severity in
Northeastern Poland are based on chironomids and chrysophyte cysts, respectively.
Despite the demonstrated potential of these groups of organisms for quantitative
climate reconstructions, they are also influenced by other environmental parame-
ters, such as oxygen availability (Quinlan et al. 1998), nutrients (Lotter et al. 1997)
and lake depth (Cwynar et al. 2012). Chrysophyte cysts are also sensitive to water
chemistry and nutrients (Kamenik et al. 2001; Hernández-Almeida et al. 2015b). The
controversial issues about temperature as the major important factor explaining the
distribution of chironomids still exist (e.g. Velle et al. 2010). While there is no ques-
tion that factors other than temperature can affect the chironomid assemblages, the
reconstruction from Lake Żabińskie suggests that on a longer temporal scale temper-
ature is likely to be the driving factor. Doubts will remain about the MCA which is
well pronounced between ca. 1050–1150 CE, but the frequency of chironomid head
capsules was below the standard in this part of the sediment core.

Information about winter temperature variability from Northern Poland may be
very important because of the very strong relationship between Polish and Euro-
pean temperatures both at the interannual and interdecadal time scales (Luterbacher
et al. 2010). Strong relationships of winter climate in Northeastern Poland with
major atmospheric circulation patterns are evidenced in snow cover duration (Falarz
2007), lake ice cover (Marszelewski and Skowron 2006), documentary and early
instrumental data (Przybylak et al. 2005; Luterbacher et al. 2010) for the late nine-
teenth and twentieth centuries. Therefore, the chrysophyte-based reconstruction of
winter severity should show similar features to data available from other European
regions. For example, the very cold period following 1460 CE was shown in the
reconstruction from Lake Silvaplana in the Eastern Swiss Alps (de Jong et al. 2013).
A similar pattern can be observed between the DB4 °C reconstruction form of Lake
Żabińskie and documentary data from the Low Countries (van Engelen et al. 2001),
and instrumental and documentary sources from Central Poland (Przybylak et al.
2005; Przybylak 2011).

Conclusions and Final Remarks

The density of documentary evidence was sufficient for quantitative reconstruction
of some meteorological variables for the period from the fifteenth century to the
end of the eighteenth century. On the other hand, prior to the fifteenth century,
and in particular for the first two centuries of the last millennium, the number of
historical sources is limited and their reliability is also usually not high. Therefore,
the undertaken trials of climate reconstructions for this period are rather low in degree
of reliability.Historians are certain that it is impossible to findmore information about
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weather in historical sources. The only possibility to improve the knowledge about
climate in the first four centuries of the last millennium is to use natural archives for
this purpose, such as tree-ringwidths (or density) and laminated lacustrine sediments.
On the other hand, for the period 1401–1800, there is still a good deal of unused
documentary evidence. We can also be sure that quite a large number of historical
sources have still not been discovered. Therefore, there is still much work to be done
in the future.

Dendrochronological data exceeding the last few hundred years are the most valu-
able for research on climate variability and change, as they cover the pre-instrumental
period. Extensive studies aimed at developing chronologies from living trees in
various regions of Poland proved that only utilisation of historical and archaeological
wood elements can extend tree-ring records over the last 1–2 millenia. It should be
recognised that the potential for further research is still very large, especially taking
into account subfossil trunks and consistent collection of archaeological wood mate-
rial. There is great potential for extending the scientific values of Polish dendrocli-
matic reconstructions by using other proxies than tree-ring width in future works
and more sophisticated statistical methods of reconstruction, as they may improve
the embedded dendroclimatic signal and reveal low-frequency climate information,
helping in further understanding of multicentennial past climate changes in Poland.

Taking into account the occurrence and spatial distribution of lakes with varved
sediments in Northern Poland, it is still possible to develop climate reconstructions
at different time scales. While very interesting investigations have been conducted in
the lakes of Bory Tucholskie (Czymzik et al. 2015; Słowiński et al. 2017; Ott et al.
2018), Lake Strzeszyńskie in Wielkopolska (Pleskot et al. 2018), and ongoing work
on Lake Gosciąż in Central Poland, none of them aimed at quantitative and high-
resolution reconstruction for the last millennium. Taking into account these lakes
and many sites which have not been investigated yet, the potential to increase our
knowledge about past climate changes in Northern Poland based on lake sediment
archives is still relatively large.

The historical period studied here was divided into two periods 1001–1400 and
1401–1800. More or less, this division is in line with observed climate change from
the Medieval Warm Period (MWP) to the Littler Ice Age (LIA). The mean annual air
temperature during the MWP might have been comparable to what we experience
now, but data for this period are characterised by a high degree of uncertainty. Climate
in this time had the greatest degree of the oceanicity in the entire millennium. On the
other hand, during the LIA winters were on average about 2 °C colder than today,
while summers a little warmer. As a result, in this time the highest degree of climate
continentality was noted.

Knowledge about precipitation changes in Poland in historical times is signifi-
cantly smaller and less reliable than in the case of air temperature. Available recon-
structions depict that the most precipitation in the entire historical period occurred
probably mainly in the twelfth century (especially the second half), and in the thir-
teenth century (in particular in the first half). Secondary maxima were noted in the
first halves of the sixteenth and eighteenth centuries. Alternatively, precipitation
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below the norm was observed in the second halves of the fourteenth and sixteenth
centuries.

For dendroclimatological data the reconstruction of summer temperatures is more
accurate than of winter temperatures, but similarly as for documentary evidence,
reconstruction of atmospheric precipitation based on tree-ring data is definitely most
difficult. Both summer temperature and winter severity reconstructions show major
features which seem to be consistent with other reconstructions and documentary
or instrumental data. The cold periods in the second half of the fifteenth century,
late sixteenth century and the second half of the nineteenth century are especially
pronounced. However, inconsistencies remain in the details, which may be attributed
to using different archives (tree rings, lake sediments, etc.), uncertainties in chronolo-
gies, varied sensitivities of the proxy used in particular reconstructions, and finally
to the not fully comparable meaning of the reconstruction results. For example, the
DB4 °C reconstruction is sensitive to the winter length, which is not exactly the same
as low temperatures.
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Filipiak J, Przybylak R, Oliński P (2019) The longest one-man weather chronicle (1721–1786) by
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abies L. Karst.) w Bieszczadach. Studia i Materiały CEPL w Rogowie 16(40)3: 238–246 (in
Polish)

Kamenik C, Schmidt R (2005) Chryspohyte resting stages: a tool for reconstructing winter/spring
climate from Alpine lake sediments. Boreas 34:477–489

Kamenik C, Schmidt R, Koinig K, Agustí-Panareda A, Thompson R, Psenner R (2001) The chrys-
ophyte stomatocyst composition in a high alpine lake (Gossenkollesee, Tyrol, Austria) in relation
to seasonality, temperature and land-use. Nova Hedwigia 122:1–22

Kemp AES (ed) (1996) Palaeoclimatology and palaeoceanography from laminated sediments.
Geological Society Special Publication, London, p 116

Koprowski M (2013) Spatial distribution of introduced Norway spruce growth in lowland Poland:
The influence of changing climate and extreme weather events. Quat Int 283:139–146

Koprowski M, Przybylak R, Zielski A, Pospieszyńska A (2012) Tree rings of Scots pine (Pinus
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Prace Geogr IGiPZ PAN 197:57–88 (in Polish)
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Krakowie, 1792–1995. In: Trepińska J (ed) Wahania klimatu w Krakowie (1792–1995). Instytut
Geografii UJ, Kraków, pp 131–161 (in Polish)
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Wilczyński S, Skrzyszewski J (2002a)The climatic signal in tree-rings of Scots pine (Pinus sylvestris
L.) from foot-hills of the Sudetic Mountains (southern Poland). Forstw Cbl 121:15–24
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Białowieża. Dokumentacja Geograficzna IG PAN Warszawa 13:161–185 (in Polish)
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Recent Climate Change



Chapter 6
Change of Atmospheric Circulation

Tadeusz Niedźwiedź and Zbigniew Ustrnul

Abstract The changes and variability of atmospheric circulation over Poland were
analysed using severalmethodological approaches containing different spatial scales.
The traditional manual classifications by Niedźwiedź and the well-known Grosswet-
terlagen were used. Simultaneously, an automatic classification wasmade byUstrnul
and Lityński and the NAO index was also measured for mutual comparison. All of
the analyses concerned basically the main period of 1951–2018. However, thanks to
the availability of the data from Niedźwiedź calendar of circulation, it was possible
to extend the time series back to 1873. All of the analyses confirmed that Poland
is significantly affected by the westerly circulation, which has a major influence
on the formation of the climate. Throughout the entire long period from the end
of the nineteenth century to the present day, its large fluctuations and a generally
weak increasing trend were found. A similar situation can be also seen for the period
1951–2018, however, an increased westerly circulation was detected in the 1980s
and 1990s. The turn of the 1960s and 1970s marked the weakening of this circula-
tion pattern, as did the last 10 years. Generally, a high level of comparability in the
course of circulation indices according to the classifications of Niedźwiedź, Ustrnul,
Lityński and the Grosswetterlagen was found.

Introduction

Atmospheric circulation is one of the most important factors, together with solar
radiation, shaping weather and climate conditions in moderate latitudes. Poland,
located in Central Europe, is characterized by high weather variability associated
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with the movement of low and high-pressure systems. Most often (about 65% of
days), masses of moist polar-maritime air come to Poland from the Atlantic Ocean.
They cause winter thaws and, in summer, cooler periods combined with rainfall.
Less often (about 29% of days) dry masses of polar-continental airflow from the
east, cold in winter and hot in summer. Thus, the climatic conditions of Poland are
most often affected by zonal circulation (west-east). Rapid changes in weather occur
with passing atmospheric fronts (approx. 40–60% of days of the year), which are
most often driven from the west and north-west.

Meridional circulation (north-south) occurs less frequently but causes large
thermal anomalies. Blockage of the air supply from the Atlantic by the highlands
between the British Isles and Scandinavia causes advection of Arctic air from the
north (4–6% of days in a year). Such situations occur most often in spring (May and
April, 18–21% of days) and in autumn (October 11%), causing frost. In the summer,
the encroachment of cooler air from the northern sector, caused by Mediterranean
cyclones (Degirmendžić and Kożuchowski 2017) located above western Ukraine,
causes heavy rainfall for several days on the northern slopes of the Carpathians,
leading to catastrophic floods (Niedźwiedź et al. 2014; Niedźwiedź and Łupikasza
2016). Advection of air from the southern sector (high pressure above Eastern Europe
and low pressure inWestern Europe) favours the occurrence of foehn winds in winter
and transient seasons (in the foothills of the Carpathians and the Sudetes). In summer,
it contributes to the occurrence of hot weather, especially if tropical air comes in.
Annually, the frequency of tropical air advection does not exceed 2–3% of days.

A review of work on the circulation of the atmosphere and its impact on the
climate of Poland has recently been published (Niedźwiedź and Łupikasza 2019).
In Polish, the study has benefited from research in the field of synoptic clima-
tology, the subjective circulation typology of Osuchowska-Klein (1978, 1991) and
the macroscale classification of “Grosswetterlagen” for Central Europe, according to
Hess and Brezowsky (1977) andWerner and Gerstengarbe (2010). The most popular
quantitative classification of circulation types and weather types is that of J. Lityński
(1969), with further modifications and extension by other authors (Pawłowska et al.
2000; Pianko-Kluczyńska 2007; Kulesza 2017; Nowosad 2017). An automatic clas-
sification of circulation types for the whole Northern Hemisphere was developed
by Ustrnul (1997) and an objective classification for Poland by Piotrowski (2009,
2010). Regional typologies include the calendar of circulation types for southern
Poland (Niedźwiedź 1981), the East-Central Europe region (Bartoszek 2017) and
for the Sudetes (Ojrzyńska 2012). In addition to investigations of synoptic types,
the long-term variability of deep cyclones (Bielec-Bąkowska 2010) and strong highs
(Bielec-Bąkowska 2016) over Poland have been investigated.

Atmospheric circulation primarily determines the direction and speed of thewind.
It has a significant impact on air temperature (e.g. Ustrnul 2000;Wibig 2001; Ustrnul
et al. 2010; Wypych et al. 2017) and precipitation (e.g. Ustrnul and Czekierda 2001;
Niedźwiedź 2003; Degirmendžić et al. 2004; Łupikasza 2016; Wypych et al. 2018).
Circulation factors have also been shown to influence cloud formation (Żmudzka
2007; Matuszko and Węglarczyk 2018), thunderstorms (Bielec 2000; Kolendowicz
2006), snow cover (Falarz 2007; Bednorz 2011), extrememeteorological phenomena
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(Ustrnul and Czekierda 2009; Ustrnul et al. 2013) and a number of other climate
elements, including all types ofweather (e.g.Niedźwiedź 1983;Kaszewski 1992).Air
circulation also strongly influences biometeorological conditions (e.g. Błażejczyk
and Twardosz 2010; Nowosad et al. 2013; Kolendowicz et al. 2018; Owczarek 2019;
Tomczyk and Owczarek 2020).

In synoptic climatology, in addition to the types of circulation characterizing
the synoptic conditions of each day, more synthetic circulation indices are used to
determine the dynamics of the atmosphere in individual months, seasons or years.
They are most often used to study the long-term variability of circulation conditions
and the determination of the circulation epochs (Degirmendžić et al. 2000). In Poland,
among the macroscale indices in climatological publications, the North Atlantic
Oscillation Index (NAO) was most often used, defined by J. Hurrell (1995) as the
difference between standardized atmospheric pressure values in the Azores High
and the Icelandic Low (e.g. Wibig 2000; Marsz and Styszyńska 2002; Styszyńska
et al. 2019). The macro-types of mid-tropospheric circulation developed by Russian
meteorologistsWangenheim andGirswere adjusted for theEuropean-Atlantic region
byK.Kożuchowski and J. Degirmendžić (2018): the form of zonal circulation—W—
and two forms of meridional circulation: C—advancement of air masses from the
north to Poland, located on the east side of the high-pressurewedge; andE—air inflow
from the south on the east side of the upper trough (Kożuchowski 2011). Numerical
zonal Ws and meridional Wp circulation indices were developed by J. Lityński
(1969) and Z. Ustrnul (1997, 2007). Three simple circulation indices, based on the
frequency of circulation types, were calculated by T. Niedźwiedź (1996, 2000): zonal
circulation index—Wi;meridional circulation index—Si; and cyclonicity index—Ci.

For the whole area of Poland and Central Europe, Lityński (1969) determined two
circulation indices, calculated on the basis of atmospheric pressure gradients. The
zonal circulation index, Ws, is the averaged parallel component of the geostrophic
wind speed in m·s−1 determined on the basis of the difference in mean pressure
between the parallels 40° N and 65° N (in the 0°–35° E longitudinal zone). The
meridional circulation index, Wp, was calculated on the basis of the pressure differ-
ence between the 35° E and 0° Emeridians (in the zone limited by latitudes 40° N and
65° N). These indices were used to create the numerical classification of circulation
types described earlier. Research on them was continued by Nowosad (2017), who
described the variability of the meridional circulation index and presented the multi-
year zonal circulation index for the period 1948–2015 (Nowosad 2017). Geostrophic
wind was also used, among others, to study the airflow over northern Poland (Miętus
1996), the whole of Poland (Marosz 2016), East-Central Europe (Bartoszek 2017)
and over the entire Northern Hemisphere (Ustrnul 1997).
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Data and Research Methods

Circulation Types for Southern Poland

The classification of circulation types for southern Poland (Niedźwiedź 1981) covers
the period from September 1873 to today. This catalogue is available on the website
of the Institute of Earth Sciences at the Faculty of Natural Sciences of the Univer-
sity of Silesia (Niedźwiedź 2019). The classification was modelled on the typology
of atmospheric circulation developed by Lamb (1972) for the British Isles, with
some modifications, especially concerning non-advection situations. On the basis of
synoptic maps of Europe, the direction of air mass movement (N, NE, E, SE, S, SW,
W, NW) and the type of baric system were determined (a—anticyclonic situation,
c—cyclonic situation). In addition to sixteen advection situations, there are two non-
directional types: Ca—high-pressure centre and Ka—anticyclonic wedge or ridge;
and two cyclonic types with differentiated advection: Cc—low pressure centre and
Bc—cyclonic troughs. Baric col and low gradient situations difficult to identify are
marked with the letter “x”. Thus, the entire classification includes twenty-one types
(ten anticyclonic types, ten cyclonic types and one indefinite type). By combining
adjacent types, a shortened version is also obtained for eleven situations (N + NEa
or c; E + SEa or c; S + SWa or c; W + NWa or c; Ca + Ka, Cc + Bc, x), useful
in studies of periods shorter than thirty years. For the years 2001–2018, the author
of the classification has a version available for nine regions of Poland, bounded by
parallels 51° N and 53° N and meridians 18° E and 21° E.

Circulation Indices for Southern Poland

Simple statistical indices of atmospheric circulation were developed on the basis of
the number of days (frequency) of the particular circulation types (Niedźwiedź 1996,
2000). They were modelled on four indices P, M, S and C, which were proposed by
Murray and Lewis (1966), using the classification developed by Lamb (1972) for
circulation types for the British Isles. After some modifications, it was decided to
calculate three circulation indices based on the number of days with particular circu-
lation types: western circulation zonal index—Wi; southern circulation meridional
index—Si; and cyclonicity index—Ci. Indices can be determined formonths, seasons
and years by adding weight points (−2, −1, 0, +1, +2) assigned to particular types
of circulation. In the first version, the sum of points was the value of the index.
Due to the different number of days in months, seasons and years, it was difficult to
compare these indices; therefore, in the latest version, their values are expressed as
a percentage of the highest possible number of points (two points times the number
of days).
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To calculate the circulation indices, particular scores were attributed to each circu-
lation type, depending on air advection and summarized on a monthly, seasonal or
annual basis:

• Wi index: +2 for W, +1 for NW and SW, −2 for E, −1 for NE and SE. Positive
values of Wi indicate predominance of air advection from the western sector,
while negative values point to a strong easterly airflow.

• Si index: +2 for S, +1 for SW and SE, −2 for N, −1 for NW and NE. Positive
values of Si indicate predominance of southern advection, while negative values
point to a strong northerly airflow.

• Ci index: +2 for Cc and Bc, +1 for Nc, NEc, Ec, SEc, Sc, SWc, Wc and NWc,
−1 Na, NEa, Ea, SEa, Sa, SWa, Wa and NWa,−2 for Ca and Ka. Positive values
of Ci indicate a predominance of cyclonic types while negative values denote
anticyclonic types.

The monthly total of the scores for each index was divided by double the number
of days in that particular month andmultiplied by 100 to express it as a percentage. A
Wi index value of 100%means that, in the entire month, throughout every day, only a
western airflowwas observed (conversely,−100%means that every day experienced
only an eastern airflow). An Si index value of 100% means that, in the entire month,
throughout every day, there was only a southern airflow (whereas−100%means that
there was only a northern airflow throughout every day of the month). A Ci index
value of 100% means that in the entire month, throughout every day the situation
was anticyclonic Ca or Ka (while −100% means that every day was cyclonic type
Cc or Bc). In reality, such values are not achieved.

The above indices were used to study the long-term variability of atmospheric
circulation in southern Poland (Niedźwiedź 1996). At the Institute of Earth Sciences
of the University of Silesia in Katowice, values of these circulation indices are
currently available for southern Poland for the period 1873.09–2019.12, and for nine
regions of Poland for the years 2000.12–2019.12. They are available to interested
parties.

Other Circulation Indices

The main features of changes and variations in circulation over Poland are presented
in amesoscale approach, developed first for southern Poland. This approachwas then
used, for a shorter period of 2001–2018, to characterize atmospheric circulation in
other regions of Poland, which allows us to conclude that the features of circulation
changes throughout the entire study area are similar.Of course, the analysis confirmed
some regional differences, but these, however, are not significant.

On the other hand, for a full assessment of circular changes, it is worth reaching
for other measures and indices that are of a regional nature and, as a result, allow for
comparative analysis. Therefore, as presented at the beginning of the chapter, other
proven classifications of circulation types were used. The classification of circulation
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types by J. Lityński (1969), Z. Ustrnul (1997) and theGrosswetterlagen classification
(Hess and Brezowsky 1977; Werner and Gerstengarbe 2010) known in Europe were
taken into account. On the basis of these classifications, circulation indices were
determined, giving information about the dominance of air inflow from individual
major directions. Due to the importance of Europe’s climate, the well-known NAO
index (Hurrell 1995) for the Northern Hemisphere was also taken into consideration.

Research Results Concerning Changes of Atmospheric
Circulation in Poland

Changes of Circulation Indices in Southern Poland
(1873–2019)

Index of Zonal Westerly Circulation (Wi)

This index reports the intensity of parallel airflow over southern Poland. On an annual
basis, circulation from thewestern sector prevails over the flow of air from the eastern
sector. This is evidenced by the positive value of the Wi index (15.9 with standard
deviation, SD = ±6.9). In the period 1874–2018, there were large fluctuations of
this index from −5.7 in 1963 (intensive air inflow from the east) to 33.8 in 1990,
when western circulation was most common (Fig. 6.1). Earlier, such high values of
the Wi (33.0) index were recorded in 1899. Negative annual values of the Wi index,
apart from 1963, occurred only three times: in 1972 (−0.9), 1996 (−2.3) and 2018
(−3.8).

Over many years, there has been a clear downward trend in the annual values of
western flow intensity (Fig. 6.1), with a trend of −0.25/10 years. Changes of the Wi
annual values are an effect of a decreasing trend of westerly circulation in summer.
The strongest decrease in theWi index is visible after a maximum in 1990 to modern
times. The average ten-year values changed from 21.6 in the period 1985–1994 to
10.4 in the years 2009–2018. The period from 1956 to 2018 is marked by much
larger fluctuations in the Wi ratio than in previous years. On an annual scale, the
highest intensity of western flow was observed in three periods: 1891–1904, 1924–
1932 and 1983–1994. However, the decrease in the 10-year Wi value below the
long-term average was marked in 1874–1890 and the strongest in the period 1956–
1982. This index is well correlated with winter temperature (Niedźwiedź 1983, 2000;
Niedźwiedź et al. 1994).

In the course of a year, the Wi index changes from −3.4 in May to 26.5 in
December. Extreme monthlyWi values range from−58.1 in December 1969 to 82.3
in January 1983. Among the seasons, themost intensewestern circulation is observed
in winter (Wi = 22.7) and in autumn (20.1), while the weakest is in spring (3.7). In
summer (Wi = 17.2) it is slightly higher than the annual average.
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Fig. 6.1 Long-term variability of the annual westerly circulation index (Wi) values

Winter experiences the highest western circulation activity compared to other
seasons. The average value of the Wi index reaches 22.7 (SD = ±17.0). Over the
long term (Fig. 6.2) there is no trend, while the range of fluctuations is very wide,
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Fig. 6.2 Long-term variability of the winter (DJF) westerly circulation index (Wi) values
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from−27.7 during the coldwinter of 1946/1947 to+66.4 in thewinter of 1988/1989.
In three periods, the encroachment of air from the western sector is clearly marked:
1894–1919, with an average value of Wi = 31.1 during the winters of 1906/1907–
1915/1916; 1953–1958 (Wi = +28.9 in the decade 1949/1950–1958/1959); and
1986–2005, with the highest ten-year average Wi values during the winters of
1985/1986–1994/1995 (+34.7) and 1997/1998–2006/2007 (+33.4). Nowadays, since
2006, western circulation has weakened. Earlier, three periods of reduced activity
of western circulation were found during the winters before 1894 and in the years
1920–1952 and 1959–1984, with a ten-year average value of Wi = +10.7 in the
winter periods 1961/1962–1970/1971.

In spring, the weakest activity of western circulation is noted in comparison with
other seasons. The average value of the Wi index in spring reaches only +3.7 (SD
= ±12.0). In the multiannual sequence (Fig. 6.3), as in winter, there is no statis-
tically significant trend, while the range of fluctuations is from −25.7 in spring
1984 and −24.5 in spring 1918 to +32.5 and +30.5 in spring in 1899. The highest
activity of western circulation occurred in 1925–1924, with the highest ten-year
average value of the indexWi=+12.0 during spring in the years 1938–1947. Today,
since 2012, a weakening of western circulation in the spring has been observed.
However, the largest circulation activity from the Eastern sector appears in three
ten-year periods: spring 1877–1886 (Wi = −3.4), 1916–1925 (Wi = −1.9) and
1971–1980 (Wi = −3.3).

In summer, western circulation prevails over eastern, as evidenced by the positive
average value of the Wi index (Wi = +17.2, SD = ±14.0). In the multiannual
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Fig. 6.3 Long-term variability of the spring (MAM) westerly circulation index (Wi) values
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Fig. 6.4 Long-term variability of the summer (JJA) westerly circulation index (Wi) values

sequence (Fig. 6.4) there is a statistically significant downward trend (−1.20Wi/10y).
The 10-year average values of the Wi index decreased from +29.2 in 1886–1895 to
7.2 in the period 2010–2019. The range of fluctuations of theWi index is from−19.5
in the summer of 1972 and −17.2 in 1955 to +51.0 in the summer of 1919. Values
above 40 occurred in four years: 1894 (+50.5), 1923 (+50.7), 1928 (+50.2) and 1987
(+40.2). The greatest summer weakening of western circulation was noted in the
period of 1963–1982 with the Wi index falling to −2.4 in the decade 1967–1976.

In autumn, there is a high activity of western circulation, intermediate between
summer and winter values. The average value of the Wi index reaches+20.1 (SD=
±13.4). In the multi-annual sequence (Fig. 6.5), as in winter and spring, there is no
statistically significant trend, while the range of fluctuations is from−10.1 in autumn
1920 and −8.9 in autumn 1879 to an exceptionally high value of +63.7 in autumn
1899. The value+50.1 appeared in autumn in 1893 and 1919. Two periods registered
consistently high levels of western circulation: 1924–1936 and 1979–1995. During
these periods, in two decades (1923–1932 and 1983–1992) the average values of
the Wi index reached the value of +31.8. However, the period of greatest autumn
weakening of western circulation falls in 1901–1923, with an average of+8.8 in the
decade 1901–1910.
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Fig. 6.5 Long-term variability of the autumn (SON) westerly circulation index (Wi) values

Index of Meridional Southern Circulation (Si)

This index reports the intensity of meridional airflow over southern Poland. On an
annual basis, circulation from the southern sector slightly outweighs the airflow
from the northern sector (Si= 0.9; SD=±4.7). In the period 1874–2018, the annual
average values of the Si index changed from −12.3 in 1899 (intensive air inflow
from the north) to 14.1 in 2014, when circulation from the southern sector was most
common (Fig. 6.6). High Si values, exceeding +10.0, were also recorded in 1951
(13.8) and 1960 (13.7). In contrast, Si lower than−8.0 was recorded in 1875 (−9.7),
1913 (−8.2) and in 1997 (−8.5).

In the multi-annual sequence (Fig. 6.6), there was a slight upward trend in the
annual values of the Si index (+0.14Si/10y). Given the variability of 10-year moving
averages, four periods of positive deviations from the long-term average can be
distinguished (1886–1891, 1920–1942, 1951–1965 and 2010–2018) and four periods
when the inflow of air from the northern sector was more intense than from the sector
southern (1874–1885, 1892–1919, 1943–1950 and 1978–2009). The most consistent
period of air advection from the south was noted in the years 1920–1942, when only
one year, 1933, showed a negative Si index (−5.4). The highest average 10-year
values (4.9) occurred in the period 1923–1932. However, the lowest negative values
of the Si (−2.9) index were recorded in the first 10-year period under consideration,
1874–1883.

In the annual sequence, the Si index ranges from−14.5 in July and−13.4 in June
to +13.8 in November and +10.6 in October. Extreme monthly Si values fluctuated
from −50.0 in July 1934 to +75.9 in February 1972 and +75.8 in October 1907.
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Fig. 6.6 Long-term variability of the annual southerly circulation index (Si) values

Intensive inflow of air masses from the northern sector in July 1934, combined with
high cyclonal activity (Ci = +19.4), contributed to the occurrence of rainfall in the
Western Carpathians, which caused one of the largest floods on record in the upper
Vistula basin. Of the four seasons, autumn (Si = +8.4) and winter (Si = +6.4) are
the most common times when increased advection of air occurs from the southern
sector. In the summer, however, advection from the northern sector dominates (Si
= −11.2). In the spring, the Si index is zero, which proves the balance between air
advection from the southern and northern sectors.

In the multiannual sequence of the seasonal values of the Si index (Fig. 6.6–
6.10), a slight upward trend, as for the annual values (Fig. 6.6) is marked in autumn
(+0.18Si/10y). But in spring it practically ceases to exist (+0.08Si/10y). However, the
strongest Si growing tendencywas observed in summer (+0.59Si/10y). Undoubtedly,
it has recently contributed to a significant increase in summer air temperature and
the frequency of hot days. In the winter, however, there is a slight negative trend
(−0.25Si/10y).

In the period of 11 winters, 1967/1968–1978/1979, there was a high level of
the encroachment of air masses from the southern sector (Fig. 6.7), albeit with large
fluctuations. The highest value of the Si index (+13.3) occurred in the decade covering
thewinters of 1968/1969–1977/1978. In a second similar, but longer, period covering
21 winters 1918/1919–1939/1940, the average value of the Si index reached +13.1
during 10 winters, 1921/1922–1930/1931. Sharp changes in Si are noteworthy, from
27.2 (winter 1929/1930 and 24.9 (winter 1930/1931) to the lowest value in the whole
data series, −15.8 in the next winter, 1931/1932. In the thirty-year period, 1980–
2009, the Si index weakened, including the lowest average values (−1.1) in the ten
winters from 1998/1999 to 2007/2008. After this period, there were two winters with
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Fig. 6.7 Long-term variability of the winter (DJF) southerly circulation index (Si) values

intensive circulation from the southern sector (2009/2010 Si=+20.2 and 2013/2014
Si=+27.1), contrasting with last winter, 2018/2019 (Si=−6.8) which experienced
a predominance of air advection from the northern sector.

Over the long term of the Si index (Fig. 6.8), there were large fluctuations from
−25.0 in the spring of 1893 to 28.5 in the spring of 1934. Two phases with a predom-
inance of advection from the southern sector (1919–1939 and 1967–1990) and three
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Fig. 6.8 Long-term variability of the spring (MAM) southerly circulation index (Si) values
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Fig. 6.9 Long-term variability of the summer (JJA) southerly circulation index (Si) values

periods with increased advection from the north are clearly marked (1874–1884,
1940–1945 and the modern period from 1991 to 2019). Rapid changes are note-
worthy from year to year: a decrease from +20.7 in the spring of 1890 to −25.0 in
1893; a sharp increase from −21.3 in the spring of 1933 to +28.5 in 1934; and the
most recent increase from −15.3 in spring 2017 to +14.2 in spring 2018.

For summer (Fig. 6.9) a strong upward trend of the Si index is noticeable from
−14.0 in the decade 1874–1883 to−3.7 in the period 2006–2015. The average value
of the Si index is negative (−11.2). Extreme values range from−33.2 in the summer
of 1899 to+9.6 in the very warm summer of 2015. In the cool period of 1970–1988
there is a clear predominance of air advection from the north. The lowest average Si
values were recorded in the decades 1969–1978 (−14.5) and 1975–1984 (−14.7).
From 1988 to the summer of 2019, there were 7 years with the dominance of air
advection from the south over advection from the north.

In autumn (Fig. 6.10), the encroachment of air from the southern sector
over the entire period is maintained compared to the inflow of air from the
north. The average value of the Si index is+8.4, with fluctuations from−13.2 in 1978
and −12.6 in 1972 to very high values in autumn 2000 (+33.4) and 2014 (+31.9).
Two periods can be clearly distinguishedwith high average Si values (1924–1944 and
1953–1966) and with a weakening of southern circulation (1908–1923 and 1967–
1995). After 1995, ten-year average values of the Si index remain at a level 2.0 higher
(Si = +10.4) than the long-term average (8.4), but with large fluctuations.



136 T. Niedźwiedź and Z. Ustrnul

y = 0,0178x + 7,0213

-20

-10

0

10

20

30

40

1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Si
   

 c
irc

ul
a

on
 in

de
x 

   
 %

y e a r s 

Si SON 10-y mov avg linear trend +0.18/10y

Fig. 6.10 Long-term variability of the autumn (SON) southerly circulation index (Si) values

Cyclonicity Index (Ci)

Southern Poland, unlike the northern part of the country, is more often affected by
anticyclonal than cyclonal systems. This is evidenced by the negative average annual
value of the cyclonicity index (Ci = −7.8; SD = ±8.0). The lowest values of the
index occurred in 1921 (−31.2) and 1920 (−31.0). High anticyclonic activity was
manifested during this period by the occurrence of drought and heat in the summer.
On July 29, 1921, in PrószkównearOpole (Lower Silesia), the highest air temperature
recorded on the territory of Poland to date was 40.2 °C. However, the most frequent
occurrence of cyclonal systems (Ci = 14.1) was found in 1970, which in the Upper
Vistula basin was marked by the occurrence of catastrophic floods in the summer.

In the multiannual sequence (Fig. 6.11), there is a significant upward trend in
the annual values of the cyclonicity index (+0.75 Ci/10y) from the average value
of −13.1 in 1874–1883 to −3.7 at the end of the period under examination (2009–
2018). The period of greatest cyclonal activity falls in the years 1951–1985, with the
maximum in the decade of 1965–1974 (Ci= 3.4). However, the increased incidence
of anticyclones falls into two periods: 1916–1935 and themoremodern period 1989–
1998. In these periods, the highest values of the Ci index were in the decades of
1920–1929 (Ci = −17.4) and 1989–1998 (Ci = −11.0).

In the course of a year, the Ci index changes from −16.8 in September to
+4.5 in April and −0.3 in May. The extreme monthly values fluctuated from
−71.7 in September 1949 to 53.3 in April 1903. Among the seasons, the most
frequent occurrence of cyclonal situations is spring (Ci = +0.2), while the most
anticyclonic situations occur in autumn (Ci = −13.7) and slightly less in winter
(Ci = 10.7%). However, the value for summer (Ci = −6.8) is the closest to the



6 Change of Atmospheric Circulation 137

y = 0,0756x - 13,583

-35

-30

-25

-20

-15

-10

-5

0

5

10

15

1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Ci
   

 c
irc

ul
a

on
 in

de
x 

   
 %

y e a r s 

Ci annual 10-y mov avg linear trend +0.75/10y

Fig. 6.11 Long-term variability of the annual cyclonicity index (Ci) values

annual average (Ci = −7.8). In all seasons, just as on an annual scale, there is an
upward trend in cyclonic activity. The highest upward trend was found in winter
(+1.04 Ci/10y) and in autumn (+0.87 Ci/10y), smaller in summer (+0.66 Ci/10y)
and the smallest in spring (+0.43 Ci/10y). In the monthly data, the strongest upward
trend was found in September (+1.36 Ci/10y). The only month that did not show a
significant trend is March.

In winter, the average value of the cyclonicity index Ci is−10.7, which indicates
the predominance of anticyclonic situations over cyclonal ones. The range of changes
is very wide, from −46.2 in the winter of 1879/1880 to +20.6 in the winter of
1950/1951 (Fig. 6.12). Ten-year averages show an increase from−20.5 in the period
1873/1874–1882/1883 to−2.4 in the period 2009/2010–2018/2019. In the long-term
sequence, two periods of low average values are visible: 1914–1934, with the average
values Ci−22.7 during the winters 1924/1925–1933/1934 and 1985–1998, with the
lowest mean−20.0 for the winter 1988/1989–1997/1998. A long period of increased
cyclonic activity is visible in the period of 1935–1984, with the highest average of
+6.1 for the winter of 1964/1965–1973/1974.

In spring, the average value of the cyclonicity index, Ci, is−10.7,which proves the
dominance of anticyclonic situations over cyclonal conditions. The range of changes
is from −33.1 in the spring of 1875 to +31.3 during the spring of 1970 and 31.2 in
1965 (Fig. 6.13). Ten-year averages show an increase from−3.8 in the period 1874–
1883 to +2.3 in the period 2010–2019. In the long-term sequence, three periods of
low average values are visible: 1874–1885, 1917–1927, with an average of −10.3
during the spring of 1917–1927, and in the contemporary period of 1990–2019. Two
periods of increased cyclonic activity occurred during the spring of 1806–1903 and
1961–1989, with the highest average of +13.3 in the decade 1965–1974.
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Fig. 6.12 Long-term variability of the winter (DJF) cyclonicity index (Ci) values
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Fig. 6.13 Long-term variability of the spring (MAM) cyclonicity index (Ci) values

In the summer, the average value of the cyclonic index, Ci is −6.8 and indicates
the dominance of the incidence of anticyclonic situations over cyclonal conditions.
The range of changes is from −42.4 in the summer of 1904 to +19.2 in 1980, when
there was a high frequency of cyclonal systems over southern Poland (Fig. 6.14).
In the summer, the upward trend of the index is around +0.66 Ci/10y. The average
values increase from the value of Ci −11.7 in the decade 1874–1883 to −3.1 in the
last decade of 2010–2019. Over many years, large fluctuations are noted from year
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Fig. 6.14 Long-term variability of the summer (JJA) cyclonicity index (Ci) values
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Fig. 6.15 Long-term variability of the autumn (SON) cyclonicity index (Ci) values

to year. However, one can distinguish a period of weakening cyclonal activity in the
summer from 1983 to 1999.

In autumn, the average value of the cyclonicity index, Ci, is −13.7 and varies
from−51.1 in 1920 and−44.6 in autumn 2011 to+26.4 in autumn 1952 (Fig. 6.15).
A clear positive trend is +0.86 Ci/10y. The average 10-year values increase from
−17.4 in autumn 1873–1882 to −11.4 during the last autumn of 2010–2019. A
long period of weakening of anticyclonic activity, lasting up to 56 years in autumn,
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was recorded in 1926–1981, with a short five-year break in the period 1945–1949.
The average for the decade 1960–1969 reached the value of +0.1, i.e. a balance
between the frequency of cyclonic and anticyclonic situations. The highest activity
of anticyclonic situations falls in the period 1888–1925, with the average value of the
index Ci−26.1 in two decades, 1895–1904 and 1900–1909. Also today, in the years
1982–2019, autumn is characterized by values of the Ci index below the trend line,
except for a short period of slightly higher values during the autumn of 1993–2002
(Ci = −5.5).

Circulation indices can have a significant impact on shaping or modifying
other climate elements. For Katowice, correlations of average air temperature and
precipitation totals with circulation indices were checked on the basis of data for
1951–2018 (Niedźwiedź and Łupikasza 2019).

Correlation coefficients significant at the 0.001 level were obtained for the average
winter temperature and the Wi index (r = 0.748). The western circulation index
increases the air temperature from December to March, with the highest correla-
tion coefficient in February (r = 0.738). An increase in western circulation activity
reduces the average summer temperature (r=−0.341, significant at 0.01), especially
the average July temperature (r = −0.586, significant at 0.001). There is, however,
no significant correlation between the Wi index and precipitation totals.

The meridional circulation index, Si, significantly affects the increase in the
average autumn temperature (r = 0.553) and the average temperature of the months
from April to June and from August to October. The average correlation coefficients
show the highest temperature in May (r = 0.573) and September (r = 0.571). There
is no Si correlation with precipitation.

The cyclonicity index, Ci, does not show a statistically significant correlation
with air temperature. However, significant correlation coefficients were obtained
with winter (r = 0.304), spring (r = 0.479) and autumn rainfall (0.647), and with
monthly rainfall totals from January to May and from August to December. The
highest correlation coefficients were obtained for October (r= 0.726) and September
(r = 0.628) precipitation.

Comparison of Circulation Indices in Southern Poland
with Other Regions of the Country

The values of circulation indices for nine regions of Poland for the period December
2000–December 2018 were compared with the average annual values of Wi, Si and
Ci indices (Fig. 6.16). The highest intensity of western circulation was found in NW
Poland (Wi = 20.3) and the lowest in SE Poland (Wi = 11.2). The correlation of
regional annual values of the Wi index with data from S Poland is very high (in eight
regions r > 0.90). In NW Poland, the correlation coefficient was r = 0.89, which is
also a statistically significant value. Compared to the period 1873–2018 (Wi= 15.9),
the value of the Wi index in S Poland was lower by 2.9.
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Fig. 6.16 Comparison of themean annual circulation indices in Southern Polandwith other regions;
(correlation coefficient [r] in italic; averages for the period 2001–2018)

The value of the Si index in S Poland (Si = +1.4) was 0.5 higher than in the
period 1873–2018 (Si = +0.9). Across the country, Si values varied from +1.0 in
W Poland to +2.6 in E and SE Poland. The highest correlation coefficient with data
from S Poland was found in central and N Poland (r = 0.98), while the lowest was
in NW Poland (r = 0.81).

In S Poland, in the analysed period decreased anticyclonic activity (Ci = −5.0)
was observed compared to the data for 1873–2018 (Ci = −7.8). Positive values
of the Ci index indicating the dominance of the incidence of lows over high-
pressure situations occurred only in two regions in N (Ci = +2.6) and NW Poland
(Ci=+1.9). SE Poland has the highest anticyclonic activity (Wi=−5.7). The data
from S Poland are best correlated with the Ci index from SE Poland (r = 0.96), SW
(r= 0.94) and the centre of the country (r= 0.92). Theweakest correlationwas found
in NE Poland (r = 0.60) and N (r = 0.64). These results indicate that, despite some
differences, perennial data from S Poland quite well represent the whole country,
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especially the centre of Poland, and the largest differences in the values of the Wi
and Si indices concern NW Poland, while for the Ci index are noticed in NE Poland.

Changes of Circulation Conditions According to Other Indices

The research focused on the analysis of those types of circulation that have the
greatest impact on Poland’s weather and climate conditions. Undoubtedly, the zonal
type of air advection should be considered the basic type of circulation in this respect.
Therefore, attention was paid to measures illustrating its intensity. Figure 6.17 shows
the number of days with types of circulation with the inflow of air masses from the
western sector per year, according to the manual classification of T. Niedźwiedź
(1981) and the automatic approach of Z. Ustrnul (1997). As you can see, there is
very good agreement in the course of this index, not only regarding the trend itself
but also the values in individual years, including extreme values. Some differences
exceeding 20 days per year occurred in the 70s of the twentieth century, which are
probably associatedwith the situation of the anticyclonicwedge over Central Europe.
The highest (1983, 1998, 2017) and the lowest values of the Wi index (1963, 1972,
1996) are notable, and have a significant impact on the climate conditions of the
research area. Regardless of the approach, there is no clear change trend throughout
the period considered.

A similar annual number of days with circulation from the western sector is
visible in the light of other classifications of circulation types that can be considered
macroscale. One of these is the objective classification of Lityński (1969); another is
the Grosswetterlagen classification (Hess and Brezowsky 1977;Werner andGersten-
garbe 2010), well known in Europe, which, in the original version, is a subjective
approach. In both cases, however, in the studied period an increasing trend is visible
of the number of days with circulation from the western sector (Fig. 6.18), with

Fig. 6.17 Annual number of days with westerly circulation types according to T. Niedźwiedź (TN)
and Z. Ustrnul (ZU) classifications
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Fig. 6.18 Annual number of days with westerly circulation types according to J. Lityński (LIT)
and Grosswetterlagen (GWL) classifications

Fig. 6.19 Number of days with westerly circulation types in winter according to J. Lityński (LIT)
and Grosswetterlagen (GWL) classifications

a significantly positive expression in the case of the Lityński (1969) classification.
The extreme values of both indices are noteworthy, though they do not always show
consistency. Analysis of synoptic maps indicates that the differences observed result
from the slightly different research domains adopted.

Greater consistency in the course of the considered index is seen in the case of
winter (Fig. 6.19). This applies to both the general trend and the value in individual
years. This means that, in the winter season, there are less differentiated circulation
conditions than during the rest of the year and the use of a given circulation index is
less important than during other seasons. This high consistency ofwestern circulation
in winter is confirmed in Fig. 6.20, which shows the analogous course of days with
western circulation, taking into account the classifications of T. Niedźwiedź (1981)
and Z. Ustrnul (1997).
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Fig. 6.20 Number of days with westerly circulation types in winter according to T. Niedźwiedź
(TN) and Z. Ustrnul (ZU) classifications

Fig. 6.21 Number of days with southerly circulation types in summer according to T. Niedźwiedź
(TN) and Z. Ustrnul (ZU) classifications

Unlike the western circulation indices, measures illustrating the intensity of air
inflow from the south show lower values. The importance of this index is greatest
in the summer, due to its size and impact on the climate, in particular on thermal
conditions. Figure 6.21 shows the pattern of days with circulation from the southern
sector in the summer, which is known to significantly affect the thermal regime,
especially in southern Poland. The long-term trend is slightly positive, mainly due
to the extremely high value in 2015 (in the light of both considered mesoscale clas-
sifications), which affected the hot summer of this year throughout Central Europe
(Hoy et al. 2017).

Western circulation in thewinter period shows quite high conformity in the studied
area, regardless of the measures adopted. This is also confirmed by Fig. 6.22, which
shows the relationship between NAO index values (according to Hurrell [1995]) and
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Fig. 6.22 Correlation coefficients between NAO index (according to Hurrell) and westerly
circulation index over Europe—winter (1951–2018)

Fig. 6.23 Long-term course of the NAO index in winter (according to Hurrell)

western circulation in winter, determined by the objective method (Ustrnul 1997). At
the same time, this figure confirms that the highest consistency in the course of these
indices is visible in NWPoland. Due to the importance of the NAO index for shaping
the climate of Central Europe, including Poland, the long-term variability in winter
in the period of 1865–2018 is also presented (Fig. 6.23). Comparing (for the period
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1951–2018) the course of this index with mesoscale measures (cf. Figure 6.20) there
is striking agreement. In addition, Fig. 6.22 confirms the relatively high correlation
coefficients, reaching about 0.60.

Conclusions

The research and analysis of the variability of atmospheric circulation over Poland
were conducted using several methodological approaches. Although the most used
and repeatedly proven mesoscale synoptic classification is that of T. Niedźwiedź,
other measures were also used, including macroscale atmospheric circulation.
Despite the use of several research methods, quite consistent results were obtained,
which are relatively convergent throughout Poland. They are also not in contradiction
with the results of previously published works on circulation ages and changes in
circulation in the last over 100 years in Europe.

The analysis confirmed that, in Poland, circulation from the westerly sector is
the most significant in terms of intensity of its influence on climatic conditions.
Considering the period from the end of the nineteenth century to the present, large
fluctuations and a general weak increasing trend were found. No clear trends are
seen in the multi-year period, 1951–2018, although in the light of the typology of
Lityński and Grosswetterlagen its increase in intensity is noticeable. This period was
characterized by increased western circulation in the 1980s and 1990s. The turn of
the 1960s and 1970s marked the weakening of this circulation pattern, as did the last
10 years. In view of the various indices, including a NAO index, we can conclude that
the relevant multiannual period included years of very intense western circulation
(years 1990 and 2015) and very poor (years 1963 and 2010). The weakening of
western circulation was, however, evident during the summer. Particularly notable
is that in the last several years, although it should be added that it was also observed
at the turn of the 1960s and 1970s. The annual decreasing trend of the westerly
circulation index is an effect of significant weakening of the Wi in summer months.
For other seasons the trends are insignificant.

There is a good level of agreement in the course of circulation indices according to
the classifications of Niedźwiedź, Ustrnul, Lityński and Grosswetterlagen. The best
correlation between the NAO and the Ustrnul westerly circulation index determined
by the objective method, was observed in NW Poland in winter.

The circulation from the south had a slightly decreasing trend throughout the
year. A completely opposite trend was found in the summer, which results from
relatively high values of indices connected with types of circulation with advection
from the south in the last several years. Particularly noteworthy here is summer 2015,
which was characterized by the most frequent advection from the southern sector,
which was reflected, among other features, in the extremely warm summer season
in Central Europe. Unlike the circulation from the west or the south, changes in the
cyclonicity index illustrating the frequency of low pressure systems over Poland have
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shown increasing trends in all seasons. This is important, due to the fact that cyclonal
activity contributes to greater dynamism of weather conditions.

To sum up, it should be stated that, in the light of the results obtained and the liter-
ature review, in the basic examined period of 1951–2018, no clear and constant trend
of changes in atmospheric circulation was found. Such trends, although to a limited
extent, could be found in the case of some circulation indices in individual seasons.
Over the annual scale, however, significant fluctuations occurred in the course of
the measures used, including the occurrence of their extreme values. These probably
caused the occurrence of some climatic anomalies, which have been reflected in
many works concerning individual elements of weather and climate.

The chapter draws attention to the main features of the variability of atmospheric
circulation by assessing the intensity of air advection from major directions, which
has climatological justification. The impact of air inflow from individual directions on
the occurrence and course of specific elements and weather phenomena is different.
It is worth mentioning, however, that for a full assessment of changes in atmospheric
circulation over Poland, an analysis of the occurrence of individual air masses, as
well as atmospheric fronts, would be desirable.
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Bielec-Bąkowska Z (2010) A classification of deep cyclones over Poland (1971-2000). Phys Chem
Earth, Parts A/B/C 35(9–12):491–497. https://doi.org/10.1016/j.pce.2009.12.006
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(1991-1999)). IMGW, Warszawa, 28 pp (in Polish)
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Chapter 7
Air Pressure Change

Zuzanna Bielec-Bąkowska and Katarzyna Piotrowicz

Abstract The present study takes into account the average daily values of atmo-
spheric pressure reduced to sea level (SLP) from 43 meteorological stations for
the years 1966–2018. The exceptions are the three mountain stations (Zakopane,
Śnieżka and Kasprowy Wierch) for which the pressure values at the levels of these
stations were used and, based on them, only the trends of changes in this meteo-
rological element were determined. In addition, a series of measurements from the
Scientific Station of the Climatology Department of the Jagiellonian University in
Kraków for the years 1901–2018 was used. Annual, seasonal, and monthly pressure
values, as well as the variability of the number of days with a pressure ≤ 990 hPa
or ≥ 1030 hPa were characterised. The study confirmed the latitudinal distribution
of pressure values and the small range of their changes in the average values, espe-
cially in the warm half-year. The highest pressure values occurred in the south and
south-east of the country, while the lowest along the Baltic Sea coast. It was also
determined that during analysed periods (1966–2018 and 1901–2018) no tendency
was found in long-term variability of pressure values (both in annual and seasonal,
as well as monthly values). The analysis revealed that strong high-pressure systems
(SLP ≥ 1030 hPa) over Poland occur several times more often than deep lows
(SLP ≤ 990 hPa). Although the frequency of their occurrence differs depending
on the region of Poland. The conducted studies have shown that the long-term vari-
ability in the number of days with SLP ≤ 990 hPa and SLP ≥ 1030 hPa do not show
a clear trend. At the same time, the occurrence of fairly regular, several-year periods
of increased pressure values and number of days analysed is a characteristic feature
of pressure changes in Poland.
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Introduction

The location of Poland in the middle latitude zone in Central Europe determines
the values and course of atmospheric pressure during the year. The Icelandic Low
and the Azores High-pressure systems have a major impact on pressure changes,
while the Asian Low in the summer and the Asian High in the winter (Siberian
High) affect them less (Woś 2010; Kożuchowski 2011). Therefore, during the year,
the atmospheric pressure field over Poland shows characteristic seasonal variability
(Paszyński and Niedźwiedź 1991).

Long-term pressure changes aremainly influenced by the frequency of occurrence
and changes in the position of the mentioned pressure systems, as well as by the
frequency of dynamic low-pressure systemsmoving over Poland, and the occurrence
of blocking situations. In light of the significant changes in atmospheric circulation
observed in recent decades, it can be expected that these will be reflected in changes
in the atmospheric pressure in Poland. The changing tracks of low-pressure systems
(Zhao andHeld 2012;Murakami et al. 2012), increasing in their number and intensity
in northern andwestern Europe (Wernli et al. 2003; Rockel andWorth 2007;Haarsma
et al. 2013), and decreasing below 55° N (Bartholy et al. 2006; Trigo 2006), are most
important. Equally important is a change in the occurrence and an increase in the
durability of high-pressure systems (Cahynová and Huth 2016; Kyselý 2008; Kyselý
and Huth 2008; Bielec-Bąkowska 2014, 2016), including blocking situations (Dong
et al. 2013).

Data and Methods

In the study of the spatial and temporal variability of pressure values in Poland,
average daily atmospheric pressure values reduced to sea level (SLP) from 43 mete-
orological stations belonging to the IMGW-PIB (Polish Institute of Meteorology and
Water Management—National Research Institute) network from the years 1966–
2018 were used (Fig. 7.1, Table 3.3). Three of them, i.e. those on KasprowyWierch,
Śnieżka, and in Zakopane are stations located over 850 m above sea level. Therefore,
only the pressure at the level of these stations was utilised (without reduction to sea
level) and it was used only in the analysis of trends of changes in this meteorolog-
ical element. When considering long-term pressure changes over a longer period of
time, data from the over 100-year-old Kraków observational series from the years
1901–2018 were used. These data come from the Scientific Station of the Clima-
tology Department of the Jagiellonian University in Kraków (Kraków Observatory)
and have already been used many times as an example of changes in meteorological
conditions in Poland and Central Europe.

Annual, seasonal and monthly pressure values, as well as the number of days on
which deep low or strong high-pressure systems occurred over Poland were charac-
terised. Owing to the lack of available data, the maximum and minimum pressure
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Fig. 7.1 Meteorological stations used in the study.Groups of stationswith similar temporal pressure
changes were distinguished by colours

values were not taken into account, but only daily averages. This means that the
number of days analysed on which pressure values met the adopted criteria could
be slightly higher than calculated. Adopting this way of distinguishing the described
days means that the pressure systems in question occurred for a significant part of the
day and usually covered a larger area. In climatological literature, there are various
criteria for separating these systems. In this study, it was assumed that a day with
deep low pressure would be considered one on which the value of average daily
pressure is equal to or lower than 990 hPa. On the other hand, a day on which the
value of average daily pressure is equal to or higher than 1030 hPa was adopted as
a day on which a strong high-pressure system occurred. The criteria adopted in this
way are consistent with, or similar to the values adopted by other authors (Schinke
1993; Kłysik 1995; Kożuchowski 1995; Leckebusch and Ulbrich 2004; Burt 2007;
Bielec-Bąkowska and Piotrowicz 2011, 2013). At the same time, they also meet the
definition determining the occurrence of extreme events (Beniston et al. 2007; IPCC
2007; Labajo et al. 2008).

Owing to the fact that spatial pressure changes are small, regions inwhich changes
in the average daily pressure values in the studied years had a similar course were
distinguished. To this end, cluster analysis was used. As a result, four groups of



154 Z. Bielec-Bąkowska and K. Piotrowicz

stations with a similar pressure pattern were distinguished (Fig. 7.1). Two stations
were selected in each group to represent the singled-out area.

Spatial and Temporal Atmospheric Pressure Changes

The spatial diversification of the average annual SLP values in the years 1966–2018
was characterised by a latitudinal (belt) distribution. These values ranged from about
1014 hPa in the northern part of Poland, with the lowest value of 1014.5 hPa in Łeba,
to over 1017 hPa in the south and south-east (to 1017.4 hPa in Lesko) (Fig. 7.2).

In the spring (March–May) and summer (June–August), the average SLP distri-
bution was even less spatially diversified than annual values. It was only about 2 hPa
(1014.7–1015.8 hPa in spring and 1014.3–1016.0 hPa in summer), with the pressure
rising slightly from the coast of the Baltic Sea towards the south. This distribution
of SLP is related to the fact that during this period Poland is often affected by the
wedge of the Azores High (Woś 2010).

The average values in the autumn (September–November) andwinter (December–
February) also refer to the latitudinal (belt) distribution of SLP. However, the range
in these seasons was definitely bigger than in the spring and summer. It amounted to

Fig. 7.2 Average annual atmospheric sea
level pressure values (hPa) in the period 1966–2018
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about 5 hPa between Łeba and Lesko (1014.7–1018.9 hPa in autumn and 1014.5–
1019.5 hPa in winter) (Fig. 7.3). This is due to the stronger influence of the Icelandic
Low in the winter, with an extensive trough reaching northern Europe. At the same
time, through the centre of Europe, including on the Carpathian line, a high-pressure
area (high-pressure ridge) is extended, joining the vast Azores and Asian (Siberian)
Highs (Woś 2010). As a result, dynamic low-pressure systems (including deep lows)
move quite often over Poland, in particular over the northern part.

In the analysed period, the average monthly and annual SLP values in Poland
did not show big variability. Standard deviation values were only from about 2 to
6 hPa, with the highest in the winter (especially in January and February; from 4.3
in Zakopane to 5.8 hPa in Łeba), and the lowest in the summer (especially in June;
from 1.9 in Zakopane to 2.4 hPa in Świnoujście). The coefficient of variation also

Fig. 7.3 Average annual atmospheric sea level pressure values (hPa) in particular seasons:
spring (March–May), summer (June–August), autumn (September–November),winter (December–
February) in the period 1966–2018
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reached very small values in individual months, seasons, and in the year, from 0.1 to
0.6%.

As already mentioned in the section “Data and Methods of Investigation”, four
regions with similar pressure conditions were distinguished in Poland on the basis
of average daily pressure values in the analysed period and using cluster analysis
(Fig. 7.1).

In the period analysed, the north-western part of Poland, in which the average
annual SLP was the lowest, around 1015 hPa, clearly stands out. At the turn of the
1970s and 1980s, in the second half of the 1990s, and around 2010, the pressure
drop was most pronounced, especially in Świnoujście (Fig. 7.4). Values higher than
the multi-annual average in this region occurred in the mid-1970s, at the turn of the
1980s and 1990s and in 2003.

The seconddistinguished region (mainly covering north-eastern Poland)was char-
acterised by the highest SLP values in 1972 (even exceeding 1018 hPa), with the
lowest in 1970 and 2010 (about 1014 hPa). Unlike other regions, this one was distin-
guished by the fact that pressure fluctuations were, from year to year, the lowest.
These amounted to about 4 hPa. An example of the long-term variability of SLP in
this region are the changes in Suwałki and Terespol (Fig. 7.4).

The third-largest region, represented by Jelenia Góra and Łódź (Fig. 7.4), covered
the area in which SLP showed the most pronounced trend of an increase in the value
over a long-term period, but the trend (as at all analysed stations) did not prove to
be statistically significant at a level of 0.05. SLP values higher than the multi-annual
average occurred at the turn of the 1980s and 1990s, in 2003, 2011 and 2015 (over
1018 hPa), while the lowest was in 2010, reaching about 1014 hPa.

A very similar long-term variability of SLP, with values higher and lower than
the average occurring in the same years, took place in the fourth region covering the
south-eastern part of Poland. This area, compared to the previous ones, is charac-
terised by the highest SLP values (on average around 1017 hPa) and the largest range
of fluctuations (5 hPa).

To conclude, periods with higher and lower SLP values occurred at each of the
analysed stations in similar years. The year 2010, in which the lowest average annual
SLP value occurred at all stations, was particularly noticeable.

Average annual values are mainly influenced by the pressure occurring in the
winter, followed by that occurring in the spring and autumn (Table 7.1). In the long-
term variability of seasonal average SLP values at the stations representing all of the
four distinguished regions, the coincidence of occurrence of low and high values can
be noticed, as was the case with annual values. Also, in the case of these values, the
trends of change were not statistically significant at a level of 0.05, with the values
of standard deviation and the coefficient of variation being very low (Table 7.1).

The described regularities of the long-term variability of SLP in the period 1966–
2018, especially the absence of a clear trend of statistically significant changes,
were also noticeable in the longer period of measurements. They can be traced, for
example, in the pressure changes from the station at the Kraków Observatory of the
Jagiellonian University in the years 1901–2018 (Fig. 7.5). Trepińska (1997) came
to similar conclusions when analysing the Kraków series of pressure measurements
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Fig. 7.4 Long-term variability of average annual atmospheric sea level pressure values (hPa) at
selected stations in the period 1966–2018
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Table 7.1 Average atmospheric sea level pressure values (hPa) in particular seasons: spring
(March–May), summer (June–August), autumn (September–November), winter (December–
February) in selected stations in the period 1966–2018

(continued)
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Table 7.1 (continued)

Year 
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1966 1013.8 1012.9 1013.4 1011.7 1013.7 1013.8 1016.0 1014.6 1015.5 1014.6 1015.5 1015.9 1015.1 1014.6 1017.0 1017.6 

1967 1012.4 1016.9 1013.7 1011.2 1012.5 1016.3 1015.0 1010.4 1014.7 1018.3 1016.6 1014.1 1014.5 1017.6 1018.0 1014.1 

1968 1014.8 1016.1 1016.0 1014.3 1014.6 1015.1 1017.7 1019.3 1016.2 1016.1 1017.5 1015.0 1016.8 1015.4 1018.4 1018.4 

1969 1015.5 1016.4 1013.9 1014.0 1016.0 1015.3 1013.5 1016.2 1015.4 1016.4 1017.2 1014.1 1016.3 1015.4 1018.0 1015.3 

1970 1010.7 1015.4 1013.8 1016.1 1011.6 1014.4 1013.5 1016.6 1012.5 1015.7 1017.0 1018.6 1013.1 1015.0 1017.5 1019.1 

1971 1014.6 1014.6 1018.0 1020.1 1015.1 1014.0 1016.7 1023.2 1014.0 1015.5 1020.7 1020.6 1014.7 1015.2 1020.4 1023.2 

1972 1013.1 1015.8 1016.2 1018.8 1014.3 1015.3 1014.9 1020.6 1013.8 1016.8 1019.1 1022.0 1014.8 1015.5 1018.6 1023.4 

1973 1016.1 1016.5 1014.7 1012.7 1016.2 1015.6 1014.0 1015.5 1017.9 1017.5 1018.2 1015.9 1017.4 1016.5 1018.5 1018.3 

1974 1017.3 1013.5 1009.6 1016.7 1018.1 1012.6 1012.0 1016.0 1016.0 1015.1 1013.0 1020.8 1016.1 1014.1 1014.5 1021.1 

1975 1013.9 1017.4 1018.5 1017.1 1013.9 1015.9 1020.8 1016.0 1013.7 1016.6 1019.5 1019.7 1013.8 1015.6 1021.6 1020.5 

1976 1018.2 1018.0 1014.6 1010.2 1016.9 1015.8 1017.5 1013.0 1018.0 1017.8 1014.9 1012.4 1017.3 1016.9 1017.0 1014.5 

1977 1015.7 1013.8 1014.3 1014.0 1015.5 1012.9 1015.1 1016.9 1016.2 1013.5 1017.2 1015.8 1016.8 1013.3 1018.4 1018.6 

1978 1013.8 1013.8 1017.0 1012.8 1013.8 1012.8 1015.8 1015.7 1013.1 1015.5 1020.7 1013.4 1013.6 1015.3 1020.9 1015.4 

1979 1012.3 1014.9 1016.5 1015.8 1015.2 1014.7 1018.1 1018.4 1013.6 1016.4 1018.1 1017.7 1015.4 1016.2 1019.8 1020.2 

1980 1015.4 1011.5 1013.8 1014.6 1016.1 1011.0 1014.8 1014.7 1014.8 1013.3 1016.8 1018.3 1015.0 1012.7 1017.5 1018.9 

1981 1013.1 1014.5 1013.5 1013.8 1015.0 1014.5 1014.4 1014.9 1013.9 1016.0 1016.6 1015.9 1015.5 1015.3 1016.3 1016.3 

1982 1015.9 1014.7 1015.2 1013.7 1016.7 1014.9 1018.6 1013.1 1017.8 1015.6 1017.6 1017.8 1017.4 1014.4 1019.5 1016.6 

1983 1010.2 1017.8 1014.7 1013.8 1011.8 1016.6 1014.4 1017.5 1011.9 1017.7 1018.4 1017.2 1012.0 1016.0 1019.1 1019.7 

1984 1015.8 1014.4 1011.8 1018.7 1017.1 1013.9 1014.9 1019.9 1014.9 1016.4 1014.9 1020.8 1015.4 1015.9 1017.0 1021.5 

1985 1011.8 1013.5 1017.5 1012.8 1014.2 1012.9 1017.3 1014.6 1013.1 1015.8 1020.8 1015.4 1014.2 1014.9 1020.7 1016.2 

1986 1014.9 1014.9 1017.4 1014.8 1017.9 1014.6 1018.3 1015.3 1015.8 1016.6 1021.4 1017.7 1017.4 1015.6 1022.0 1018.2 

1987 1016.1 1012.6 1015.9 1011.5 1016.9 1013.3 1019.3 1015.0 1017.2 1015.1 1018.2 1015.6 1016.7 1015.1 1020.1 1017.3 

1988 1013.4 1013.0 1017.0 1018.2 1014.2 1012.4 1017.7 1016.7 1014.3 1014.9 1020.0 1023.3 1014.7 1013.9 1020.6 1023.0 

1989 1014.4 1015.2 1016.4 1012.1 1015.6 1014.5 1016.3 1013.2 1015.8 1016.5 1018.9 1017.6 1015.9 1015.3 1018.4 1019.0 

1990 1017.9 1014.8 1011.9 1019.1 1016.9 1014.1 1012.5 1020.4 1019.8 1016.9 1015.0 1022.0 1018.7 1015.9 1015.6 1023.0 

1991 1016.4 1014.7 1014.5 1022.3 1016.9 1014.7 1016.8 1019.4 1017.1 1016.5 1017.6 1026.2 1016.5 1015.4 1018.8 1024.5 

1992 1014.2 1015.1 1012.6 1021.1 1015.2 1015.7 1013.1 1020.2 1016.4 1015.6 1015.5 1024.8 1016.4 1015.5 1015.8 1024.8 

1993 1016.9 1014.1 1017.9 1010.0 1017.2 1013.0 1021.4 1012.4 1017.0 1016.3 1018.6 1013.3 1017.0 1015.6 1020.5 1015.4 

1994 1012.5 1015.9 1015.5 1011.4 1012.6 1015.1 1016.4 1013.1 1013.9 1016.7 1018.2 1016.3 1014.2 1016.0 1019.3 1018.0 

1995 1013.2 1015.7 1015.9 1020.1 1012.5 1014.4 1016.6 1022.9 1014.5 1016.0 1018.3 1019.9 1014.3 1015.0 1018.9 1022.0 

1996 1017.2 1016.4 1013.2 1018.7 1017.8 1016.7 1014.0 1018.3 1017.0 1017.8 1015.2 1022.0 1016.7 1017.2 1015.5 1022.6 

1997 1017.0 1015.1 1015.3 1015.2 1014.6 1014.9 1014.4 1015.6 1018.7 1015.4 1017.7 1018.9 1017.2 1014.5 1017.7 1019.6 

1998 1013.2 1012.4 1012.9 1012.3 1013.6 1011.6 1015.6 1012.1 1014.4 1014.7 1015.1 1016.3 1014.6 1014.3 1016.7 1016.9 

1999 1014.0 1015.4 1016.5 1012.2 1015.1 1015.5 1018.2 1011.6 1014.9 1016.6 1018.6 1017.5 1015.6 1015.9 1019.4 1017.9 

2000 1013.5 1014.5 1012.7 1013.8 1013.6 1013.8 1017.8 1015.2 1014.4 1016.2 1014.6 1016.6 1014.5 1015.5 1017.4 1017.6 

2001 1012.2 1014.6 1014.0 1015.0 1012.5 1013.9 1014.3 1014.5 1012.8 1015.9 1017.1 1019.9 1012.8 1014.7 1017.1 1020.1 

2002 1016.0 1014.5 1013.6 1019.9 1016.2 1015.3 1014.3 1021.2 1016.5 1015.2 1014.9 1021.0 1016.3 1014.8 1015.2 1022.1 

2003 1019.7 1015.2 1016.3 1012.8 1019.5 1013.5 1017.6 1012.9 1020.3 1016.6 1018.3 1016.3 1019.4 1015.1 1018.9 1016.2 

2004 1015.9 1013.7 1015.3 1015.3 1016.4 1014.2 1016.1 1015.5 1016.9 1015.8 1018.3 1019.1 1016.6 1014.9 1018.4 1018.8 

2005 1015.7 1014.9 1018.6 1018.3 1015.4 1014.7 1021.5 1019.9 1016.8 1016.6 1020.8 1020.5 1015.9 1015.1 1021.7 1020.3 

2006 1012.5 1015.8 1013.7 1012.9 1013.7 1015.4 1015.3 1013.5 1014.5 1016.8 1017.3 1017.7 1014.0 1015.6 1018.0 1018.1 

2007 1015.2 1011.4 1017.1 1018.8 1015.2 1011.8 1016.6 1020.3 1016.7 1013.4 1019.6 1023.3 1016.2 1013.0 1018.6 1024.1 

2008 1010.5 1013.3 1014.5 1014.9 1010.4 1013.3 1015.6 1016.0 1011.6 1015.0 1017.2 1016.8 1011.1 1014.4 1017.6 1017.2 

(continued)
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Table 7.1 (continued)

Year 
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2009 1015.7 1014.5 1014.0 1010.9 1016.0 1014.6 1015.5 1014.6 1016.2 1016.1 1016.4 1011.8 1016.0 1015.2 1016.8 1013.3 

2010 1015.1 1014.0 1011.6 1015.6 1014.0 1013.2 1013.6 1015.9 1016.3 1014.9 1013.6 1017.9 1015.1 1013.5 1014.5 1018.0 

2011 1019.8 1012.5 1019.0 1015.2 1018.9 1012.7 1020.3 1015.8 1020.7 1014.3 1021.8 1019.5 1019.9 1013.5 1022.7 1019.6 

2012 1015.5 1014.1 1012.8 1013.3 1014.3 1014.1 1014.2 1015.1 1016.5 1015.7 1015.7 1015.1 1015.5 1015.1 1016.5 1015.6 

2013 1013.7 1017.7 1014.7 1012.1 1014.4 1016.4 1015.0 1016.6 1013.5 1018.4 1017.0 1015.8 1013.4 1016.8 1017.2 1018.7 

2014 1015.5 1013.9 1017.1 1013.4 1015.5 1013.9 1020.9 1014.4 1016.1 1014.9 1018.0 1017.3 1015.3 1014.4 1019.8 1017.7 

2015 1017.0 1016.2 1017.0 1014.4 1016.1 1016.7 1018.1 1015.7 1018.9 1017.1 1019.2 1018.4 1017.9 1016.9 1019.4 1019.6 

2016 1013.9 1015.5 1018.6 1021.2 1014.1 1015.2 1019.1 1020.6 1014.8 1017.1 1019.6 1024.4 1013.8 1016.3 1019.6 1024.3 

2017 1016.6 1013.8 1013.2 1013.7 1015.3 1013.6 1013.5 1015.5 1018.0 1015.4 1016.7 1016.7 1016.7 1015.2 1016.4 1017.7 

2018 1013.8 1015.9 1019.3 – 1014.7 1014.4 1020.9 – 1013.4 1016.3 1020.7 – 1014.0 1014.7 1021.7 – 

Avg. 1014.8 1014.8 1015.1 1015.1 1015.1 1014.3 1016.3 1016.3 1015.6 1016.0 1017.7 1018.1 1015.6 1015.2 1018.4 1019.0 

S.D. 2.1 1.5 2.1 3.1 1.8 1.3 2.4 2.9 2.0 1.1 2.0 3.2 1.7 1.0 1.9 2.8 

V 0.2 0.1 0.2 0.3 0.2 0.1 0.2 0.3 0.2 0.1 0.2 0.3 0.2 0.1 0.2 0.3

Trend 0.24 –0.15 0.21 0.10 0.04 –0.05 0.33 –0.05 0.28 –0.04 0.10 0.31 0.03 –0.08 0.00 0.10

Avg.—Average, S.D.—standard deviation (hPa), V—coefficient of variability (%),
Trend—hPa/10 years

from the years 1792–1995. It can be seen in the twentieth century that high-pressure
values in Kraków occurred mainly in the years from around 1920 to 1950. In the
1920s, high-pressure values were recorded particularly in the autumn and winter, in
the 1930s in the summer, and in the 1940s in the spring andwinter (Fig. 7.5). The year
2010 clearly stands out again in this multi-annual course, having the lowest pressure
in the last 118 years, which is also in the spring. Comparing SLP values with those
presented in Fig. 7.4, it can be stated that, especially in southern and central Poland
(regions 3 and 4), and to a lesser extent in region 2, the low-pressure values occurring
in 2010 were extreme in the series of measurements taken during that period of over
100 years.

Annual Course and Extreme Values of Atmospheric Pressure

The SLP annual course in Poland was traced by comparing values from stations
located in the four regions distinguished. Figure 7.6 shows two stations representing
each of them. Itwas found that in the annual course the highest SLP values occurrence
mainly in cold half-year (October–March), but also at this time there are the largest
differences between the stations and highlighted regions. The biggest occurring in
December (6.0 hPa between Łeba and Lesko) (Fig. 7.6). In warm half-year (April–
September) the values are usually the lowest in the whole year, especially in the
north-east and east of Poland. A characteristic feature of this season is that the
pressure differences between the stations from April to May are very small. In the
analysed years, it was only 0.6 hPa (Fig. 7.6).
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Fig. 7.5 Long-term variability of average annual atmospheric sea level pressure values (hPa) and
in particular seasons in Kraków in the period 1901–2018

The average annual and seasonal SLPvalues do not reflect the range of fluctuations
of this meteorological element in Poland. Therefore, attention was paid to the highest
and lowest average daily pressure values that were recorded at individual stations
in the analysed period. The absolute maxima and minima of SLP from a similar
long-term period (1966–2006) can be found in Ustrnul’s and Czekierda’s (2009)
work.

In the years 1966–2018, the highest average daily SLP values were over 1050 hPa
at 57.5% of the stations located in the central and north-eastern part of Poland
(Fig. 7.7). The highest value was recorded in Suwałki on 16 December 1997—
1053.6 hPa. The lowest SLP values decreased almost meridionally, from south-east
to north-west (Fig. 7.7) and, in extreme cases, ranged from 966.1 hPa in Świnoujście
to 976.8 hPa in Lesko (26 February 1989). They were associated with the extensive
lows moving from the west of Europe. All of the presented extreme cases (Fig. 7.7)
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Fig. 7.6 Ten-days consecutive average daily atmospheric sea level pressure values (hPa) at selected
stations in the period 1966–2018

Fig. 7.7 The highest (Maximum) and lowest (Minimum) values of average daily atmospheric sea
level pressure values (hPa) in the period 1966–2018

occurred over just a few days and are consistent with Ustrnul’s and Czekierda’s
(2009) results.

In Kraków in the years 1901–2018, the highest average daily SLP value was
1050.2 hPa and occurred on 23 January 2006. It was associated with an extensive,
but so-called low high-pressure system with its centre over eastern Poland (Ustrnul
andCzekierda 2009). Regarding the lowest pressure value, it also occurred inKraków
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in the winter, on 26 February 1989 (972.3 hPa), and was associated with the low of
the centre which was over the North Sea on that day.

Number of Days with Pressure ≤ 990 hPa and ≥ 1030 hPa

Considering the spatial and temporal changes of SLP, one should mention the occur-
rence of exceptional pressure systems over Poland, which strongly affect theweather.
These include deep lows and strong high-pressure systems. The moving of deep
lows over Poland is accompanied by very strong winds, heavy rainfall and signifi-
cant pressure changes. On the other hand, sunny weather is usually associated with
strong highs, without precipitation and, depending on the season, with high or very
low air temperature. In both cases, the occurrence of these systems may cause the
development of weather conditions that are dangerous to the environment and to
man.

In this part of the study, the occurrence of the pressure systems in question was
characterised by analysing the occurrence of days with specific SLP values. A day
with a deep low was considered one on which the value of the average daily SLP
was equal to, or lower than, 990 hPa, while a day with a strong high-pressure system
was one on which the value of the average daily SLP was equal to, or higher than,
1030 hPa.

In the analysed long-term period in Poland, the occurrence of strong high-pressure
systems (on average 19.5–25.2 days a year) was much more frequent than of deep
lows (on average 0.3–4.5 days). Most days with deep lows were recorded in the
north of Poland, in Łeba (4.5 days) (Fig. 7.8). This is related to the main tracks of

Fig. 7.8 Average and the highest (Maximum) annual number of days with atmospheric sea level
pressure values ≤ 990 hPa in the period 1966–2018
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movement of lows in this part of Europe (Paszyński and Niedźwiedź 1991; Bielec-
Bąkowska 2010a). In this region, the studied pressure systems occur almost every
year. In the south of Poland, in the analysed 53 years, such days were not recorded
for 31 (Lublin, Opole) to 41 years (Bielsko-Biała). In individual years, the number
of days with SLP ≤ 990 hPa can be much higher and range from three days in the
south to twelve days in the north-west of the country (Fig. 7.8). At the same time,
there were only nine years in the entire multi-annual period under study in which a
deep low-pressure system moved at least once over each station (1974, 1976, 1981,
1983, 1989, 2008–2010 and 2015).

The long-term changes in the number of days with SLP ≤ 990 hPa indicate that
the range of deep lows covered the largest area of Poland in the years 1973–1990
and 2004–2012 (Fig. 7.9). The years 1989 and 1990, in which such low SLP values
during the same day were recorded by at least 30 stations for three and four days,
respectively, and at 40 stations on two days, clearly stood out. However, in the last
eight years of the analysed period, the number of days when deep lows moved over
at least one station was very small. Within one day, the range of the analysed systems
usually covered less than 10 stations. At the same time, it can be seen that in the
years 1973–1990 the average number of days with SLP ≤ 990 hPa was the highest
(Fig. 7.10). It was usually over four days a year. At the beginning and end of the
studied period, these systems occasionally appeared over Poland.

Analysing the multi-annual changes in the number of days considered, found
them to be small (from −0.29 to 0.04 days/10 years) and statistically insignificant at
a level of 0.05 (Fig. 7.11). Only a slight decrease in the number of mentioned days
occurred in the north of the country, in particular in the region represented by the
stations in Szczecin and GorzówWielkopolski (from −0.22 to −0.29 days/10 years,
not statistically significant). The described changes are related to annual values.

Fig. 7.9 Number of days on which the atmospheric sea level pressure values ≤ 990 hPa was
recorded at least 1, 10, 20, 30, 40 stations in the period 1966–2018
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Fig. 7.10 Average number of days with the atmospheric sea level pressure values ≤ 990 hPa in
Poland in the period 1966–2018

However, the small annual number of the days in question and the fact that more
than 95% of all cases occur fromOctober toMarch (Fig. 7.12) mean that they mainly
concern this half-year period. It is also difficult to indicate the regularities of the long-
term variability of days with SLP ≤ 990 hPa occurring at individual stations and for
shorter periods of the year (seasons or months).

As previously mentioned, strong high-pressure systems occur over Poland several
timesmore often than deep lows. In the years 1966–2018, the average annual number
ranged from 19.5 days in Łeba to 25.2 days in Lesko (Fig. 7.13), and clearly increased
from the north-west to the south and south-east of Poland. In individual years, this
number could change quite significantly, with its highest values reaching 40 days
in the north, and even 51 days in the south of the country. However, the spatial
distribution of the maximum annual number of days considered is worth noticing. Its
lowest values covered the eastern part of the Polish Baltic coast and reached central
Poland in the form of a wedge. The highest maximum values were characteristic
of the south-western and southern parts of the country. This distribution very well
reflects the strong impact of the Azores High on the southern and western areas of
Poland and that of the Asian High from the east (Martyn 1987).

In contrast to deep lows, strong highs appeared over individual regions of Poland
every year. The smallest annual number ranged from three in the north to seven
in southern regions. Strong highs most often occurred in the years 1982–1993, for
which (except 1988 which had an average for Poland of 15.1 days) averages of 24.5–
43.1 days were recorded for the analysed systems (Fig. 7.14). These occurred much
less frequently over Poland at the beginning of the studied period (6.9–11.7 days) and
in the years 1999–2000, as well as after 2008. In 2009, they lasted for just 5.5 days
on average.
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Fig. 7.11 Number of days with the atmospheric sea level pressure values ≤ 990 hPa at selected
stations in the period 1966–2018
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Fig. 7.12 Average monthly number of days with the atmospheric sea level pressure values
≤ 990 hPa at selected stations in Poland in the period 1966–2018

Fig. 7.13 Average and the highest (Maximum) annual number of days with atmospheric sea level
pressure values ≥ 1030 hPa in the period 1966–2018

The number of days when the average daily SLP at least one station was ≥
1030 hPa changed slightly differently. The first and final years of the multi-annual
period were also characterised by a smaller number of analysed days, however, the
biggest number fell in the years 1991–2006 (Fig. 7.15). At the same time, it was
found that in the first half of the period studied, and especially in the years 1971–
1992, strong high-pressure systems covered the entire area of the country muchmore
often (in 1982 they even constituted 62% of all surveyed days). After 1992, situations
prevailed in which the highs covering 30 or more stations during one day, usually
accounted for less than 40% of the days analysed in a given year.
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Fig. 7.14 Average number of days with the atmospheric sea level pressure values ≥ 1030 hPa in
Poland in the period 1966–2018

Fig. 7.15 Number of days on which the atmospheric sea level pressure values ≥ 1030 hPa was
recorded at least 1, 10, 20, 30, 40 stations in the period 1966–2018

The long-termvariability of the number of dayswith SLP≥ 1030 hPa at individual
stations is similar to the changes described for the whole of Poland (Fig. 7.16). Until
around 1982, strong highs were extremely rare. In later years, the number clearly
increased, reaching their highest values in the early 1990s (over 40, or even 50,
days a year), to decrease again in the twenty-first century. It is for this reason that
no statistically significant trend has been found in any of the regions of Poland. It
is worth emphasising, however, that there are some signals of an increase in the
number of mentioned systems at the Baltic coast stations, along the eastern border
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Fig. 7.16 Number of days with the atmospheric sea level pressure values ≥ 1030 hPa at selected
stations in the period 1966–2018
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Fig. 7.17 Average monthly number of days with the atmospheric sea level pressure values ≥
1030 hPa at selected stations in Poland in the period 1966–2018

of Poland, and in the area covering southern regions and reaching as far as Łódź.
The highest estimated increase (0.81 day/10 years) occurred in Jelenia Góra, and the
biggest decrease (also statistically insignificant) in Lublin and Siedlce (−0.45 and
−0.44 day/10 years).

In the case of strong highs, the highest frequency is also recorded in the cool half
of the year (October–March). This fluctuated from 89.6% in Świnoujście to 96.2%
in Rzeszów. However, attention should be paid to the shift in the annual maximum of
the number of days in question, depending on the location of the station. The farther
north a station is located, the more often it falls in January. In southern regions,
however, it falls in December (Fig. 7.17). Similarly, as in the case of days with deep
lows, in individual months and seasons there were no clear trends of changes in the
surveyed days.

Based on the long-term variability in the occurrence of deep lows and strong
highs over Kraków, it was found that the presented regularities of their occurrence
did not change significantly over time. As in the years 1966–2018, the average annual
number of days with SLP ≤ 990 hPa since 1901 was 0.5 and such days occurred in
only 45 of 118 years (Fig. 7.18). Most often, there was one such day in a year and
three such days occurred (after 1960) only three times. Relatively often, days with
SLP ≤ 990 hPa were recorded at the beginning of the studied period, and then in
the second half of the twentieth century. These were the least frequent in the years
1918–1950 and 1993–2003. Despite the described changes, there was no statistically
significant trend of changes in the number of these days in 118 years. As in the period
1966–2018, all the analysed days usually occurred in the cool half of the year and
such a case was recorded only once in April and May.

Considering the occurrence of days with SLP≥ 1030 hPa since 1901, it was found
that the average annual number is similar to that from the period 1966–2018. This
was 23.3 days (23.4 in the shorter period). The highest annual value—49 days (in
1932)—is two days higher than that occurring after 1966 (Fig. 7.18). The annual
course of days with such high pressure is much more diversified than in the case of



7 Air Pressure Change 171

Fig. 7.18 Number of dayswith the atmospheric sea level pressure values≤ 990 hPa and≥ 1030 hPa
in Kraków in the period 1901–2018

deep lows. Most of the analysed days, 94.5% on average (from 66.7% in 1989 to
100.0% in 54 years), occurred from October to March, however, they did not occur
even once in July and August (Fig. 7.19). The average monthly number of such days
ranged from less than 0.1 to 0.7 days in the warm half of the year and from 2.2
in October to 5.8 days in January. However, as can be seen, the annual maximum
has changed over the multi-annual period. Even in the winter months, the days in
question were quite often not recorded. It is also worth emphasising that in Kraków
the number of days with strong highs occurring in the autumn (5.9 days on average)
is more than twice as high as in the spring (2.8 days on average). In the winter,
however, days with SLP ≥ 1030 hPa occur on average for 14.4, and in some years
even for 20 days (1972).

The long-term variability of the number of days with SLP ≥ 1030 hPa does
not indicate the occurrence of a specific trend of changes in the annual (Fig. 7.18),
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Fig. 7.19 Number of days with the atmospheric sea level pressure values ≥ 1030 hPa in Kraków
in the period 1901–2018

monthly, and seasonal values. However, longer periods of an increased number of
days studied are clearly visible. Themost prominent were the years 1924–1933 (with
an annual average of 31.9 days) and 1982–1993 (31.8 days), especially at the turn
of the 1980s and 1990s. On the other hand, the least frequent number of days with
SLP ≥ 1030 hPa occurred in the years 1950–1970 (on average 18.0 days a year).

Discussion and Conclusions

The conducted study confirmed the most important results of previous works on
the changes in atmospheric pressure in Poland. The most characteristic feature of
the spatial distribution of pressure values is its latitudinal distribution and the small
range of changes in the average values. In the years 1966–2018, the highest pressure
values occurred in the south and south-east of the country (up to about 1017 hPa),
while the lowest along the Baltic Sea coast (below 1015 hPa). The largest range
of pressure fluctuations was characteristic of the cool half of the year, especially
from December to February (about 5 hPa). The smallest changes occurred in the
summer and did not exceed 2 hPa. A feature of the multi-annual variability of the
values of the analysed meteorological element in the period under consideration is
the absence of a clear trend of changes, in the case of both annual and seasonal
values. Trepińska (1988, 1997) noticed this in her research, and the aforementioned
regularity concerned not only the more than 200 years of the Kraków series, but also
the pressure changes at several other European stations. Burt (2009) also came to
similar conclusions by examining pressure changes at three stations in Great Britain
in the period 1851–2008. The absence of clear trends in pressure changes may be
caused by the significant stability of the occurrence and location of the main centers
controlling the circulation of the atmosphere over Poland, i.e. the Icelandic Low
and the Azores High. This is confirmed by Falarz’s (2009) studies, who found no
trends of changes in the position of the mentioned pressure systems in the years
1901–2000. Nevertheless, in shorter periods, the occurrence of clearly increased or
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reduced pressure values is noticed. In the case of the long Kraków series, higher
pressure values were noticeable in the years 1920–1950 and the 1990s, and were
particularly visible in the cool half of the year. This may be a consequence of the
pressure increase in the Azores High in January in the second half of the twentieth
century, as determined by Falarz (2009). Falarz (2019) also stated that in January,
in the years 1948–2018, the pressure in the centre of the Azores High showed an
upward trend, statistically significant at 0.05 and 0.63 hPa/10 years, while in July
the changes were not statistically significant. The author also noted the shift of the
centre of this high in January from a SW direction to NE in the years 1948–1991,
and its movement in a SW direction in the twenty-first century (Falarz 2019). In the
studied period, the year 2010, when the lowest pressure was recorded at all stations,
clearly stood out. At the same time, it was the lowest average annual pressure in the
last 118 years in Kraków. Such an extremely low value of pressure (1014.0 hPa in
Kraków with an average of 1016.8 hPa) was the result of a high frequency of low-
pressure systems moving over Poland and the particularly long-lasting prevalence
over the eastern part of the country, in August, November and December, of the low
with its centre over south-eastern Europe (Bilik et al. 2014).

An important element in the development of pressure conditions over Poland is
the movement of deep and very dynamic low-pressure systems (SLP≤ 990 hPa) and
the occurrence of strong and extensive highs (SLP≥ 1030 hPa). Strong high-pressure
systems occur several times more often than deep lows and have a particularly strong
impact on the weather in southern Poland. On the other hand, deep lows much more
often move over the northern part of the country, which is associated with the tracks
of their most frequent movement over Europe. It should also be emphasised that
the above-mentioned pressure systems affect meteorological conditions mainly in
the cool half of the year. The conducted studies have shown that the multi-annual
changes in the number of dayswith SLP≤ 990 hPa do not show a clear trend. One can
notice a slight decrease in the average number of days considered specified for the
whole country, as well as at the stations located in north-western Poland, but it is not
statistically significant. It is most likely related to the described and forecast changes
in the incidence of low-pressure systems in the Euro-Atlantic zone. It is expected that
the number and intensity of lows will be increasing mainly in the northern regions of
Europe (Wernli et al. 2003) while decreasing below the latitude of 55° N (Bartholy
et al. 2006; Trigo 2006). In addition, lows will more often be moving farther to the
north (Knippertz et al. 2000; Leckebusch and Ulbrich 2004), and their tracks to the
north-east will be shorter (Carnell and Senior 1998). Analysing the occurrence of
days with SLP ≤ 990 hPa over a longer period of time (1901–2018), also found no
clear trend in the changes. One can only indicate a few short periods of their increased
incidence. Similar regularities also occur at other European stations (Sweeney 2000;
Bielec-Bąkowska and Piotrowicz 2013) and in the North Atlantic region (Bärring
and Fortuniak 2009). Despite the increase in the incidence of anticyclonal situations
in Central Europe in the second half of the twentieth century (Kyselý and Huth
2006) and the slight increase in pressure and the number of days with strong highs,
especially in the winter, in the years 1951–2015 (Bielec-Bąkowska 2014, 2016) no
statistically significant changes in the number of days with SLP ≥ 1030 hPa were
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found in the periods analysed in the paper. The absence of a clear trend of changes in
the number of days with high pressure in the research periods of more than 100 years,
and the occurrence of fairly regular, several-year periods of an increased number,
is a characteristic feature of pressure changes at many European stations (Bielec-
Bąkowska 2010b). It is worth noting, however, that in the years 1966–2018 in the
north and east of Poland, as well as at its south-western end, there were signals of an
increasing incidence of this. Perhaps this is the result of an increase in the incidence
of winter anticyclonal systems associated with the shift of the Asian High towards
the north-west (Zhang et al. 2012).
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Chapter 8
Solar Radiation Change

Małgorzata Falarz, Łukasz Małarzewski, Joanna Uscka-Kowalkowska,
Dorota Matuszko, and Tomasz Budzik

Abstract Global solar radiation data were analysed at 10 actinometric stations
located in different regions of Poland for the period from 19 (Sosnowiec) to 125 years
(Kraków; data partially reconstructed). Only series with the data gaps not exceeding
5% were considered. The most important results of the study of changes in solar
radiation in Poland are as follows: (1) the average long-term totals of global solar
radiation range inPoland fromapproximately 3750MJ/m2 to 4070MJ/m2 throughout
the year; (2) the year-to-year variability of solar radiation expressed by coefficient
of variability is rather small and ranges from 3.5 to 7% in Poland; the highest values
of variability are observed in autumn and winter; (3) long-term trends of global
solar radiation in Poland are in most cases statistically insignificant; a few signif-
icant tendencies show different trend directions; (4) relative trends of global solar
radiation in the area of Poland do not exceed ±10%/10 years; (5) in Kraków, for a
125-year series of global solar radiation values, about 60 years periodicity of radia-
tion changes can be seen, with three periods of relatively high values (1880–1900,
1940–1960, 1990–2018), separated by periods of relatively low values: 1910–1930
and 1970–1990. The global solar radiation course in Kraków largely corresponds
to the periods of “global dimming” and “global brightening” described in different
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parts of the world as a result of urbanisation, industrialisation and the increase in
aerosols related to them. A decrease in values was observed until the end of the 1970s
or 1980s, depending on the season of the year, and then there was an increase until
the end of the twentieth century.

Introduction

Solar radiation is a climatic factor significantly affecting other climatic elements.
Research on this subject has developed in several directions, e.g.:

• spatial diversity of solar radiation (Kuczmarska and Paszyński 1964b; Podogrocki
1978; Miara et al. 1987),

• annual variability (Kuczmarska and Paszyński 1964a) and multi-year vari-
ability of global solar radiation (Podogrocki 1977; Bryś 1994; Bogdanska and
Podogrocki 2000; Uscka-Kowalkowska et al. 2007; Matuszko 2014; Kleniewska
and Chojnicki 2016; Kulesza 2017, 2020),

• investigation of direct radiation (Uscka 2003; Uscka-Kowalkowska 2008, 2009,
2013, 2019),

• investigation of radiation balance (Paszyński 1966; Olecki 1986, 1989),
• variation of the radiation balance over various active surfaces (Bryś 2013),
• relationships of solar radiation with ultraviolet radiation (Słomka 1988), sunshine

(Gorczyński 1934), cloudiness (Matuszko 2009) and atmospheric circulation
(Kulesza 2018),

• solar radiation studies on the satellite database (Struzik et al. 2019; Kulesza 2020).

Kulesza (2018) documented the strong influence of atmospheric circulation on
the radiation conditions in the area of Poland. Actinometric conditions are shaped
by the North Atlantic Oscillation. In a year-course, as well as in spring, the increase
in the solar radiation over Poland is mainly facilitated by a simultaneous increase in
pressure in the area of the Azores High and a decrease in pressure in the area of the
Icelandic Low.

Directions of changes in multi-year solar radiation in selected cities and
throughout Poland in different periods of investigation are presented in Table 8.1.

Data and Methods

Global solar radiation data were analysed at 10 actinometric stations located in
different regions of Poland for the period from 19 (Sosnowiec: 2000–2018) to
125 years (KrakówObservatoryUJ: 1884–2018; data partly reconstructed,Matuszko
2014). The completeness of a series was the determining factor at the series selection
stage: only series with the hourly data gaps not exceeding 5%were considered. Series
of totals of global solar radiation in MJ/m2 for the year and seasons were created
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Table 8.1 Trends of global solar radiation in selected cities and throughout Poland

Author(s) Location Period analysed Trends

Bryś (2013) Wrocław 1881–2012 The period 1961–2012 is
characterised by a positive trend
of global and reflected radiation
and short-wave radiation balance,
after a period of strong declines
in values beginning in the
mid-1920s. During the period
1881–2012, there was observed a
negative trend in the value of the
short-term radiation balance and
both its components. It is
accompanied by a marked
increase in the downward
atmospheric radiation and
long-wave radiation

Kleniewska and Chojnicki
(2016)

Warszawa 1964–2013 During the period considered, an
increase of 11.4 MJ/m2 per year
in global solar radiation totals
was observed. There were
opposing trends in annual
radiation totals during the period
considered: a decrease until 1981
and recorded since the
mid-1980s. increase in global
radiation totals. Such changes
were also observed during the
seasons: in summer, autumn and
winter, while in spring there was
a steady increase in global solar
radiation totals

Żmudzka and Kulesza
(2019)

Zakopane 1986–2015 For the period 1986–2015, there
was an increase of
0.03 MJ/m2/day/year in the
annual average daily totals of
global solar radiation, despite a
significant increase in the amount
of cloud cover in the warm half
of the year

Kulesza (2020) Poland 1986–2015 The average annual radiation sum
over Poland increased by
7.16 MJ/m2 per year on average.
A wavelet analysis showed a
several-year cycle (of
12–13 years) of annual
fluctuations in global solar
radiation totals
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on the basis of the hourly values of actinometric measurements. The data gaps were
completed using the quotients method on the basis of neighbouring stations data
except for the peak station Kasprowy Wierch, where a very small number of data
breaks were completed by the multi-year mean values for a given season. With the
exceptionof the university stations inKrakówandSosnowiec, the datawas taken from
the IMGW-PIB database available at: https://dane.imgw.pl/data/dane_pomiarowo_
obserwacyjne/dane_aktynometryczne. Standard characteristics of climate change
and variability have been identified and analysed.

Results

The average of the long-term totals of global solar radiation in Poland ranges from
approximately 3750 MJ/m2 to 4070 MJ/m2 throughout the year, about 1200 MJ/m2

to 1350MJ/m2 in spring, about 1380MJ/m2 (with aminimum at the top of Kasprowy
Wierch) to 1750 MJ/m2 in summer, about 560 MJ/m2 on the coast to 710 MJ/m2

on the highest mountain peaks in autumn and about 210 MJ/m2 on the coast to
465 MJ/m2 in the high mountains in winter (Tables 8.2, 8.3, 8.4, 8.5, and 8.6). The
spatial diversity of radiation values depends to a large extent on the latitude of the
observation site. However, the cloud coverage and cloud type, changing with altitude
above sea level, also play a significant role: in the high parts of the Tatra Mountains
(about 2000 m above the sea level) in autumn and winter, the highest solar radia-
tion values are recorded. In these seasons, low-level layer clouds (Stratocumulus,
Stratus, Nimbostratus) dominate, and these clouds often occur at the level below the
Tatra peaks, leaving them in the zone of direct solar radiation influence. In summer,

Table 8.2 Change and variability of global solar radiation in a whole year

Actinometric
station

Analysed
period

Mean
value
[MJ.m−2]

Coefficient
of
variability
[%]

Absolute trend
[MJ.m−2/10y]

Trend
statistically
significant
(0.05)
yes/no

Relative
trend
[%/10y]

Gdynia 1991–2015 3779.1 3.9 28.6 No 0.8

Kasprowy W. 1991–2017 3900.0 5.7 −77.8 No −2.0

Kraków Obs. 1884–2018 3734.4 3.7 −7.0 Yes −0.2

Łeba 1991–2015 3797.0 6.9 70.8 No 1.9

Legnica 1992–2016 4070.0 4.3 119.7 No 2.9

Lesko 1992–2015 3966.6 7.2 216.9 No 5.5

Piła 1991–2015 3748.4 3.5 42.1 No 1.1

Radzyń Ląd 1991–2017 3800.9 5.6 58.2 No 1.5

Sosnowiec 2000–2018 3748.0 4.9 83.0 No 2.2

Toruń 1983–2018 3749.8 5.6 −33.4 No −0.9

https://dane.imgw.pl/data/dane_pomiarowo_obserwacyjne/dane_aktynometryczne
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Table 8.3 Change and variability of global solar radiation in spring

Actinometric
station

Analysed
period

Mean
value
[MJ.m−2]

Coefficient
of
variability
[%]

Absolute trend
[MJ.m−2/10y]

Trend
statistically
significant
(0.05)
yes/no

Relative
trend
[%/10y]

Gdynia 1991–2015 1292.4 5.9 29.7 No 2.3

Kasprowy W. 1991–2017 1346.3 7.7 −33.5 No −2.5

Kraków Obs. 1884–2018 1196.4 6.3 −1.7 No −0.1

Łeba 1991–2015 1315.9 7.8 39.9 No 3.0

Legnica 1992–2016 1345.0 7.1 25.8 No 1.9

Lesko 1992–2015 1276.3 8.7 59.1 No 4.6

Piła 1991–2015 1278.1 6.4 25.3 No 2.0

Radzyń Ląd 1991–2017 1271.7 7.9 27.0 No 2.1

Sosnowiec 2000–2018 1235.2 7.7 0.7 No 0.1

Toruń 1983–2018 1276.9 8.6 0.2 No 0.2

Table 8.4 Change and variability of global solar radiation in summer

Actinometric
station

Analysed
period

Mean
value
[MJ.m−2]

Coefficient
of
variability
[%]

Absolute trend
[MJ.m−2/10y]

Trend
statistically
significant
(0.05)
yes/no

Relative
trend
[%/10y]

Gdynia 1991–2015 1691.8 8.1 −31.1 No −1.8

Kasprowy W. 1991–2017 1382.0 9.4 −36.5 No −2.6

Kraków Obs. 1884–2018 1606.8 5.3 −0.8 No 0.0

Łeba 1991–2015 1710.8 10.3 −0.1 No 0.0

Legnica 1992–2016 1752.5 4.6 47.8 Yes 2.7

Lesko 1992–2015 1694.0 8.5 117.8 Yes 7.0

Piła 1991–2015 1659.1 5.7 −12.7 No −0.8

Radzyń Ląd 1991–2017 1659.5 6.3 13.8 No 0.8

Sosnowiec 2000–2018 1602.7 5.8 41.8 No 2.6

Toruń 1983–2018 1640.8 6.2 −18.0 No −1.1

however, when convective vertical clouds dominate, the highmountain areas are very
often cloudier than the areas below. In autumn and winter, coastal areas are in the
zone of low-floor clouds forming in very humid coastal air. These areas therefore
have the lowest radiation values in Poland in autumn and winter.

The variability of year-to-year solar radiation expressed by coefficient of vari-
ability in Poland ranges from 3.5 to 7% for the whole year, 6 to 9% in spring, 5 to
10% in summer (with a maximum for coastal and mountainous areas), 7 to 14% in
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Table 8.5 Change and variability of global solar radiation in autumn

Actinometric
station

Analysed
period

Mean
value
[MJ.m−2]

Coefficient
of
variability
[%]

Absolute trend
[MJ.m−2/10y]

Trend
statistically
significant
(0.05)
yes/no

Relative
trend
[%/10y]

Gdynia 1991–2015 576.8 9.5 32.3 Yes 5.6

Kasprowy W. 1991–2017 711.1 10.2 −3.8 No −0.5

Kraków Obs. 1884–2018 625.4 6.9 −2.9 Yes −0.5

Łeba 1991–2015 564.0 10.3 26.6 No 4.7

Legnica 1992–2016 661.8 9.9 38.2 Yes 5.8

Lesko 1992–2015 676.0 12.4 59.6 Yes 8.8

Piła 1991–2015 579.8 9.1 30.9 Yes 5.3

Radzyń Ląd 1991–2017 608.1 11.4 15.5 No 2.5

Sosnowiec 2000–2018 626.8 14.0 45.9 No 7.3

Toruń 1983–2018 585.6 8.8 −4.3 No −0.7

Table 8.6 Change and variability of global solar radiation in winter

Actinometric
station

Analysed
period

Mean
value
[MJ.m−2]

Coefficient
of
variability
[%]

Absolute trend
[MJ.m−2/10y]

Trend
statistically
significant
(0.05)
yes/no

Relative
trend
[%/10y]

Gdynia 1991–2015 218.1 8.8 −2.3 No −1.1

Kasprowy W. 1991–2017 465.0 9.1 −6.3 No −1.4

Kraków Obs. 1884–2018 305.8 6.9 −1.7 Yes −0.6

Łeba 1991–2015 206.1 11.0 4.1 No 2.0

Legnica 1992–2016 310.6 8.1 7.8 Yes 2.5

Lesko 1992–2015 345.0 9.2 11.9 Yes 3.4

Piła 1991–2015 230.9 10.5 −2.1 No −0.9

Radzyń Ląd 1991–2017 261.7 8.6 2.0 No 0.8

Sosnowiec 2000–2018 285.9 8.4 −5.4 No −1.9

Toruń 1983–2018 246.6 13.1 −13.6 Yes −5.5

autumn and 7 to 11% in winter (Tables 8.2–8.6). Radiation variability values should
be therefore considered small at all seasons of the year.

Long-term trends of global solar radiation are, in most cases, statistically insignif-
icant (Tables 8.2–8.6, Figs. 8.1 and 8.2). The only significant are the trends: for the
whole year in Kraków (negative;−7 MJ/m2 per 10 years), in the summer in Legnica
and Lesko (positive; relatively: 48 and 118 MJ/m2 per 10 years), in autumn for 5 out
of 10 actinometric stations (positive trend in: Gdynia: 32, Legnica: 38, Lesko: 60,
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Fig. 8.1 Totals of global solar radiation [MJ/m2] in the Kraków-Observatory in 1884–2018 (data
partly reconstructed byMatuszko in 2014) in a spring, b summer, c autumn, d winter, e whole year.
Trend line and 10-y moving average line were added

Piła: 31 MJ/m2 per 10 years; negative trend in Kraków: −3 MJ/m2 per 10 years), in
winter at 4 out of 10 stations (negative trend in Kraków:−2 MJ/m2 per 10 years and
Toruń:−14MJ/m2 per 10 years, positive trend in Legnica: 8 MJ/m2 per 10 years and
Lesko: 12MJ/m2 per 10 years). In the spring, none of the investigated solar radiation
series showed statistically significant changes at the 0.05 level. What is noteworthy
is the statistically significant positive trend of solar radiation in all seasons except
spring in southeastern Poland (Lesko) and in Silesian Lowland (Legnica). In the
southern part of Poland (Kraków) global radiation is characterised by a negative
statistically significant trend in autumn, winter and in calculations for the whole
year. Essentially, no significant changes in the radiation value in the high mountains
(KasprowyWierch station) have been shown for any season. The significant diversity
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Fig. 8.2 Totals of global solar radiation [MJ/m2] in Toruń in 1983–2018 in a spring, b summer,
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of directions and values of solar radiation trends is due to the climatic distinctness
of the various regions of Poland, but it is also the result of analysing study periods
of quite different lengths. This is especially true for the station in Kraków, whose
series of radiation values is at least 100 years longer than the other series and shows
only negative or almost zero changes over the 125-year period under consideration.

Relative trends, comparable for locations with different absolute values of solar
radiation, do not exceed ±10%/10 years and in Poland are in the range of −2% to
about 6%/10 years in calculations for the whole year, from −3% to 5%/10 years in
spring, −3% to 7%/10 years in summer, −1% to 9%/10 years in autumn and −6%
to about 3%/10 years in winter (Tables 8.2–8.6).

On the example of stations in Kraków and Toruń, one can trace the exact long-
term course of changes in the radiation value (Figs. 8.1 and 8.2). In Kraków, about
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60 years of periodicity of changes in global radiation can be noticed: in the multi-
annual course of all seasons and in annual values, three periods of relatively high
values are noted: in the last two decades of the nineteenth century, in the 1940s
and 1950s (less noticeable in winter), followed by the early 1990s until the end of
the analysis period, with a maximum in the first decade of the twenty-first century
(Fig. 8.1). In all seasons except winter, the highest values occurred in the 1940s
and 1950s. In winter, the values in the first and third periods are comparable. These
periods of high values are separated by periods of relatively low values: in the 1910s
and 1920s (less visible in spring and winter) and in the 1970s and 1980s.

InToruń in the period 1983–2018,marked in all seasons of the year and throughout
the year, there was a decrease in the value of global solar radiation up the first years
of the twenty-first century, followed by a fairly rapid increase by the end of the
study period (Fig. 8.2). The absence of significant differences in the course of solar
radiation at different seasons of the year was noted: changes are very similar, and in
thewhole period,with the exception of spring, a negative trend ismarked, statistically
significant in winter.

Conclusion and Discussion

The most important results of the study of changes in solar radiation in Poland are
as follows:

• the average long-term totals of global solar radiation range in Poland from approx-
imately 3750MJ/m2 to 4070MJ/m2 throughout the year; the spatial differentiation
of radiation values depends to a large extent on the latitude of the observation site,
but the cloud coverage and cloud type, as well as the altitude above sea level also
play a significant role;

• the year-to-year variability of solar radiation expressed by the coefficient of vari-
ability is rather small and ranges from 3.5 to 7% in Poland; the highest values of
variability are observed in autumn and winter;

• long-term trends of global solar radiation in Poland are, in most cases, statisti-
cally insignificant; a few significant tendencies show different trend directions;
a statistically significant positive trend of solar radiation has been shown in all
seasons except for spring in southeastern Poland and in Silesian Lowland, while
a negative one in autumn, winter and year-round in the southern part of Poland; no
significant changes in the solar radiation value in the high mountains have been
demonstrated at any time of the year; also during the spring period, none of the
radiation series analysed showed statistically significant changes;

• relative trends of global solar radiation in the area of Poland do not exceed
±10%/10 years;

• in Kraków, for a 125-year series of global solar radiation values (partly recon-
structed) one can see about 60 years of periodicity of radiation changes with
three periods of relatively high values (1880–1900, 1940–1960, 1990–2018);
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these periods of high values are separated by periods of relatively low values:
1910–1930 and 1970–1990.

The time trends of global solar radiation examined in this chapter correspond in
part to the results of the cloud studies presented in the section Change of cloudiness
of this book by Filipiak 2021. He divided the period of cloud studies in Poland into
two sub-periods: 1951–1984 and 1985–2018. In the first sub-period Filipiak found a
positive trend in cloudiness in spring and autumn, and in the second—a decrease in
cloudiness in summer and autumn. These trends are opposite to the trends detected in
the radiation series in Kraków and confirm the significant effect of increase/decrease
in cloud cover on the decrease/increase in the value of global solar radiation already
described by Matuszko (2009). In addition, the limit years of these two sub-periods
(1984–1985) correspond in some cases (especially in spring, summer and throughout
the year) with periods of low global radiation values in Kraków. The negative trend
of annual solar radiation totals in Kraków over the entire 125-year period studied
is accompanied by a positive trend in cloudiness in the city over the period 1826–
2005, as proven by Lewik and co-authors (2010). An additional explanation of the
radiation-cloud cover relationship is the conclusion about the positive trend of the
most observed Stratocumulus and Cumulus clouds since the 1950s (Matuszko and
Węglarczyk 2018).

The global solar radiation course in Kraków largely corresponds to the periods
of “global dimming” and “global brightening”, described by researchers in different
parts of the world as a result of urbanisation, industrialisation and the increase in
aerosols related to them (Liepert 2002; Alpert et al. 2005; Wild et al. 2005, 2007;
Norris and Wild 2007; Ruckstuhl and Norris 2009; Wild 2009). On the whole, there
is an observed decrease in values until the end of the 1970s or 1980s depending on
the season of a year, and then an increase until the end of the twentieth century.

Overall, the positive trend in solar radiation since the 1980s can be a significant
factor affecting the positive trend of thermal conditions (Ustrnul et al. 2021) and the
negative trend for snow cover (Falarz and Bednorz 2021).
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Chapter 9
Change of Sunshine

Dorota Matuszko, Stanisław Węglarczyk, Krzysztof Bartoszek,
Jakub Soroka, and Barbara Bogdańska

Abstract Sunshine duration is an important characteristic of the inflow of solar
radiation, one of a multitude of factors shaping the climate conditions of a given area.
Based on the data from 31 stations from the years 1971–2018, the spatial diversity of
the totals of annual and seasonal sunshine duration is presented. In order to analyse
the long-term variability of this element, an additional analysis of long heliographic
series from five stations in Poland is used. Furthermore, actual and relative sunshine
duration and the number of dayswithout sunshine are characterised. Themean annual
sunshine duration from all stations was 1,647 h, while the relative one amounted to
37%. The maximum occurred in 2018 and was, respectively, 2,069 h and 46%; the
minimumwas found in 1980 (1,275 h and 28%). As the latitude increases, the annual
totals of sunshine duration, as well as the monthly totals in the summer and the warm
half of the year increase. In the winter and the cold half of the year, sunshine duration
decreases from the south to the north. The course of the annual totals of sunshine
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duration in Poland shows changes similar to those occurring in other parts of Europe,
with pronounced periods of “global dimming” and “global brightening”. In the years
1971–2018, at all stations there is a statistically significant growing trend in actual
and relative sunshine duration, more strongly expressed in the western than the
eastern part of the country, and a decrease in the number of days without sunshine.
An analysis of long heliographic series confirmed the high multi-annual variability
of sunshine duration in Poland and showed the periods of decreases and increases in
sunshine duration also at the turn of the nineteenth and twentieth centuries, and in
the first half of the twentieth century, although not as pronounced as the periods of
“global dimming” and “global brightening”.

Introduction

Sunshine duration is the longest measured solar radiation characteristic in the world
(since 1880) (Pallee and Butler 2002) until recently determined using the commonly
used, simple instrument recommended by WMO, i.e. Campbell–Stokes heliograph
(WMO 2008). The results of studies carried out in many places on the globe (e.g.
Brázdil 1991; Manara et al. 2015; Sanchez-Lorenzo et al. 2015; Stanhill and Cohen
2005) show similar trends over many years of sunshine duration records. They relate
not only to thewell-researched periods of “global dimming” and “global brightening”
(e.g. Norris andWild 2007; Sanchez-Lorenzo et al. 2009), but also the decreases and
increases in sunshine duration occurring at the turn of the nineteenth and twentieth
centuries, and in the first half of the twentieth century (i.a., Matuszko 2016).

Terminology

In this chapter, the following characteristics were analysed: actual sunshine duration,
relative sunshine duration and the number of days without sunshine.

Actual sunshine duration is the basic indicator of the heliographic conditions of
an area. It is defined as the time expressed in hours or minutes in which the inflow
of solar radiation reaching the Earth’s surface is registered (using a heliograph or
another recorder).

Relative sunshine duration is a complement of the characteristics of heliographic
conditions, which reflects the solar conditions of a given area well. This is especially
true in the comparison of different seasons by eliminating the impact of day length
changing during the year. The relative sunshine duration is defined as the ratio of
actual sunshine duration to astronomically possible sunshine duration, expressed as
a fraction or in percentage, while possible sunshine duration is understood as the
time from sunrise to sunset (length of the day).

Thenumber of dayswithout sunshine is a characteristic of heliographic conditions,
which does not depend on the value of actual sunshine duration (such as relative



9 Change of Sunshine 191

sunshine duration) and is just an additional source of information confirming the
trend in sunshine duration. A day without sunshine is understood as a day on which
the daily total of sunshine duration is zero.

Results

Actual Sunshine Duration

The mean annual sunshine duration in Poland for the years 1971–2018 at all stations
in the study amounts to 1,647 h, with the smallest one observed on Śnieżka (1,430 h),
and the largest in Gdynia (1,782 h). Annual totals range from around 1,460 h in the
south and south-west of the country (mountainous areas) to more than 1,740 h in
the north, i.e. in the region of the Gdańsk Coastland (Fig. 9.1a). The area of long
sunshine duration (over 1,700 h) stretches along a wedge to the south of the central
part of the Koszalin Coastland to the Southern Wielkopolska Lowland. The second
area with the highest sunshine duration (over 1,740) is located in the central-eastern
part of Poland, including a fragment of the Northern Podlasie Plain and the Southern
PodlasieLowland, aswell as theWestern Polesie. In the prevailing area of the country,
in the central part of Poland, sunshine duration ranges from 1,660 to 1,700 h per year,
and gradually decreases from the centre towards the south-west, south, and north-
east. From the mountainous areas to the central part of the country, there is a wedge
of reduced sunshine duration called by Gorczyński (1913) and Merecki (1914) “the
depression of sunshine duration on the central Vistula”.

In the studied period, the greatest variability of annual sunshine duration (14%)
occurred in the south-west (Zielona Góra, Jelenia Góra, Opole, Katowice) and
decreased in the east and north-east to the value of 8%, which also occurred in
mountainous areas in the south of Poland (Fig. 9.1b). At all the stations surveyed in
the years 1971–2018, there was a statistically significant linear growing trend in the
annual sunshine duration, with the highest intensity in the west and south-west of
the country, expressed in both absolute and relative trend slope values (Fig. 9.1c, d).

In the recent period (1985–2018), the increase in sunshine duration at all the
stations was particularly significant, up to maximum values above 100 h/10y in
Western and Central Poland (Fig. 9.1e, f).

The magnitude of sunshine duration in individual seasons depends on the length
of the day, cloud cover and the transparency of the atmosphere, so the sunshine
duration is the longest in the summer (June–August), and the shortest in the winter
(December–February). The contrasts in the sunshine duration in these seasons are
enhanced not only by the varying degree of cloud cover, but also by cloud cover
type, convective in the summer and layer in the winter, as well as the high content
of aerosols of anthropogenic origin during the heating period.

In spring, sunshine duration increases from the south and south-west of Poland
to the north (Fig. 9.2a). The lowest values (410 h) occur in mountainous areas, the
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Fig. 9.1 Spatial diversification: a annual sunshine duration [hours] 1971–2018, b coefficient of
variation [%] 1971–2018, c absolute trend slope [h/10y], 1971–2018, d relative trend slope [%/10y],
1971–2018, e absolute trend slope [h/10y], 1985–2018, f relative trend slope [%/10y], 1985–2018
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Fig. 9.2 Spatial diversification: a seasonal actual sunshine duration [hours]—spring, 1971–2018,
b coefficient of variation [%] 1971–2018, c absolute trend slope [h/10y], 1971–2018, d relative
trend slope [%/10y], 1971–2018, e absolute trend slope [h/10y], 1985–2018, f relative trend slope
[%/10y], 1985–2018
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highest (over 570 h) on the Gdańsk Coastland, and they are slightly lower on the
Koszalin Coastland and in the Southern Pomerania Lakeland. In the western part
of the country, the sunshine duration decreases in the wedge towards the Sudetes
Foreland and the Sudetes Mountains. The second wedge, however, passes through
the centre of Poland in the opposite direction, from the minimum over the area of
the Tatra Range (below 420 h) to the Central Masovia Lowland and further north. In
the east of Poland, from the north of the country to Polesie, the sunshine duration
exceeds 530 h and then decreases further to the south.

The coefficient of variation decreases from the highest (18%) in the south-west
(from the Silesia-Lusatia Lowland to the Silesia Upland) to the lowest (12–14%)
in the north-eastern part of Poland (Fig. 9.2b). A statistically significant positive
trend is noticeable at all stations (except for Suwałki), with the highest slopes (above
40 h/10y) in the south-west of Poland (Fig. 9.2c). The highest relative trend slopes for
the years 1971–2018 (8.9%/10y) occurred at the Jelenia Góra and Katowice stations,
even bigger in recent years (1985–2018), and also at the Zielona Góra and Opole
stations (Fig. 9.2d, f). The smallest increase in sunshine duration occurred in Eastern
Poland, especially at the stations in Włodawa and Suwałki (Fig. 9.2d, f).

Due to the length of the day in the summer, the privileged (in terms of sunshine
duration) position of the northern half of Poland and the decrease in sunshine duration
from the north to the south, and from the east to the west, which is associated with
the predominance of continental climate features in Eastern Poland, are noticeable
(Fig. 9.3a). In the Southern Podlasie Lowland and in Western Polesie, maximum
values of sunshine duration occur (over 740 h), with slightly lower values over the
Koszalin Coastland, and in the north-east (except for the Lithuanian Lakeland) and in
the central and eastern part of Poland. The shortest sunshine duration (below 500 h)
is characteristic of mountainous areas, the Tatra Range and the Sudetes Mountains,
owing to the shorter length of the day than in the north of Poland and high convective
cloud cover even in high-pressure situations.

The highest coefficient of variation (18%) was found for the south-western edge
of Poland; it decreases from the west towards the east and north-east (Fig. 9.3b).
The absolute and relative trend slopes are positive and statistically significant at all
stations, except for Suwałki, Toruń and Kołobrzeg. The highest increases in sunshine
duration, especially in recent years (1985–2018), occur in the western and southern
parts of the country, and the smallest ones in the north-east (Fig. 9.3c, d, e, f).

In autumn, the spatial variability of sunshine duration is small compared to other
seasons, with the values of less than half of the others. The total of sunshine hours
varies from a minimum of 270 in the Lithuanian Lakeland to 340 in the south-
eastern part of the country, and, sporadically, in the Sudetes Foreland and in the
Gdańsk Coastland (Fig. 9.4a). The southern half of Poland (except for the belt in the
central part) is sunnier than its north-eastern and central part.

The greatest variability of sunshine duration occurs at the station in Białystok
and in the belt from the east to the west through the centre of the country, stretching
as far as the Southern Wielkopolska and Silesia-Lusatia Lowlands (Fig. 9.4b). The
absolute and relative trend slopes at all stations are statistically significant, except
for Suwałki, Kłodzko, Zakopane and KasprowyWierch in the years 1971–2018. The
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Fig. 9.3 Spatial diversification: a seasonal actual sunshine duration [hours]—summer, 1971–2018,
b coefficient of variation [%] 1971–2018, c absolute trend slope [h/10y], 1971–2018, d relative
trend slope [%/10y], 1971–2018, e absolute trend slope [h/10y], 1985–2018, f relative trend slope
[%/10y], 1985–2018
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Fig. 9.4 Spatial diversification: a seasonal totals of actual sunshine [hours]—autumn, 1971–2018,
b coefficient of variation [%], 1971–2018, c absolute trend slope [h/10y], 1971–2018, d relative
trend slope [%/10y], 1971–2018, e absolute trend slope [h/10y], 1985–2018, f relative trend slope
[%/10y], 1985–2018
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highest increase in sunshine duration occurs in the north-west of Poland and the belt
fromChojnice to the south, as far as Opole and Katowice, while the smallest increase
is in the north-eastern part of the country (Fig. 9.4c, d, e, f).

In winter, the sunshine duration over a large area of the country does not exceed
150 h and increases towards the south and south-west (Fig. 9.5a). The shortest

Fig. 9.5 Spatial diversification: a seasonal actual sunshine [hours]—winter, 1971–2018, b coeffi-
cient of variation [%] 1971–2018, c absolute trend slope [h/10y] 1971–2018, d relative trend slope
[%/10y], 1971–2018, e absolute trend slope [h/10y], 1985–2018, f relative trend slope [%/10y],
1985–2018
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sunshine duration (below 120 h) occurs in the north-eastern part of Poland due to the
shorter length of the day than in the south and greater, stratiform cloud cover. Values
recorded in themountainous and foothill areas in southern Poland aremore than twice
as high as those in the northern part of the country. In the winter, especially during
high-pressure situations, cold air stagnations occur in the valleys and the depressions
of the area. Temperature inversion favours the fog and low layer clouds formation.
On the elevations above the inversion layer, there is cloudless weather, which causes
that the sunshine duration on mountain peaks reaches its maximum (over 240 h) in
comparison with the rest of the country, also owing to the high transparency of the
air.

Winter is the season marked by the highest coefficients of variations of sunshine
duration in the year in the studied period (1971–2018). They range from 28% in
the north-eastern and central-western part of Poland to 16% in the east and south
(Fig. 9.5b). Over a large area in the central part of the country, the coefficient of
variation amounts to 24%. In the winter, there are slight (below 5 h/10y) negative
slopes of sunshine duration trends, both relative and absolute. They are marked at
most stations in north-eastern and sporadically inSouthernPoland,with simultaneous
large increases (above 10 h/10y) in the west and south-west of the country (Fig. 9.5c,
d).

In the recent period (1985–2018), negative trends occurred in the north-eastern
half of Poland,while positive ones in the south-west, except for Śnieżka.The contrasts
in the trends of sunshine duration in various parts of the country may be associated
with a change in the size and structure of cloud cover and with a decrease in pollution
in heavily industrialised areas in south-western Poland.

Multi-annual Course

At all stations, the course of annual sunshine duration in the years 1971–2018 showed
a growing trend, statistically significant at the level of 5% (Fig. 9.6). The largest
increase in sunshine hours (on average 130 h/10 years) occurred in Opole, Katowice
and Jelenia Góra, and the smallest (less than 50 h/10 years) in Suwałki and Zakopane.
At all stations, the shortest annual sunshine duration occurred in the 1980s, with the
minimum (at 17 stations) occurring most often in 1980, and at another 5 stations in
1977, 4 stations in 1981, 2 stations in 1984 and 1987 each, and in 1985 at 1 station.
In the years following the 1980s, until 2018, sunshine duration increased irregularly,
particularly evidently in the first decade of the twenty-first century. At most stations,
the annual sunshine duration values exceeded 1,600 h at that time and, in subsequent
years, 1,700 h or more. The maximum sunshine duration was found at the end of
the period under review, with record levels in 2018. That year, the mean annual
sunshine duration of all the stations under consideration amounted to 2,069 h, which
was by 421 h higher than in the multi-annual period on average. The highest annual
actual sunshine duration values occurred in the twenty-first century, i.e. in 2018 (19
stations), 2015 (5 stations), 2003 (4 stations), 2011 (2 stations) and 2006 (1 station).
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Fig. 9.6 The multi-annual course of annual sunshine duration [hours] at the selected stations
included in the study (1971–2018)

Long Series Analysis

The multi-annual period of 1971–2018 is only a fragment of long heliographic series
in selected Polish cities, i.e. in Kraków, Warszawa, Puławy and Wrocław, as well as
on Śnieżka. It is for this reason that only an analysis of the course of annual totals
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from these stations gives a proper view on the long-term variability of sunshine dura-
tion. From among the aforementioned heliographic series, only the Kraków series
is fully homogeneous due to the unity of the place, continuity and credibility, since
its metadate is known (Matuszko 2014). At the other stations (Warszawa, Puławy,
Śnieżka), data were supplemented due to deficiencies related to the interruptions in
the operation of meteorological stations during World War II and changes in their
location (Dubicka 1998; Podogrocki 1998;Górski andGórska 2000) or reconstructed
(Wrocław) based on various stations located in Wrocław (Bryś 2013).

In Kraków (Fig. 9.7), in the beginning of the measurement period (1884–1900),
high sunshine totals (over 1,600 h) were recorded followed by a downward trend
from 1,860 h in 1886 to 1,222 h in 1919. In subsequent years, sunshine duration
remained at the level of 1,500 h per year, except for 1921, when the annual total
was 1,892 h. In the 1940s, sunshine duration increased again, exceeding 1,800 h in
1942, 1943, 1946, 1947 and 1950. Then, the annual totals decreased from 1951 to a
minimum of 1,067 h in 1980. In subsequent years, until the end of the studied period,
sunshine duration increased irregularly, particularly clearly in the years 1981–1995
and in the first decade of the twenty-first century. The increase in annual sunshine
duration was mainly the result of increased sunshine duration in the summer and—to
a lesser extent—in the winter half of the year. The years following 2006, until the
end of the studied multi-annual period, were marked by annual values exceeding
1,600 h (well above 1,700 h in the years 2006, 2009, 2011 and 2012). The year
2010 was an exception: the sunshine duration was only 1,500 h. Very high sunshine
durations occurred in 2015 (1,904 h) and 2018 (1,874 h), but they did not exceed the
record value (1,920 h) of the year 1943. In Fig. 9.7, the periods of “global dimming”
(1951–1980) and “global brightening” (from 1981), observed in many places around
the world (among others Norris and Wild 2007; Sanchez-Lorenzo et al. 2009), can
be seen clearly. Not so pronounced, but similar increasing and decreasing trends in
sunshine duration also occurred at the turn of the nineteenth and twentieth centuries,
and in the first half of the twentieth century (Fig. 9.7).

The long-term heliographic series inWarszawa, Puławy,Wrocław, and on Śnieżka
also show the periods of “global dimming” (the years ca. 1951–1980) and “global
brightening” (from around 1981), as well as irregular periods of increasing or
decreasing sunshine duration over several years (Fig. 9.7).

In Warszawa at the beginning of the twentieth century, the annual sunshine dura-
tion ranged on average from 1,600 h to almost 1,900 h (in 1921, 1,898 h); only the
1912-value was smaller and amounted to 1,354 h. The subsequent years of the third
decade of the twentieth century were characterised by annual values below 1,600 h,
reaching 1,800 h again in the 1940s. The years with the shortest annual sunshine
duration were 1952 (1,245 h) and 1980 (1,289 h). The maximum (2,262 h) occurred
in 2018, and it was close to 2,000 h in 2006 (1,981 h).

The regular Puławy series began in 1923, although the first measurements of
sunshine duration were made there at the end of the nineteenth century (Górski and
Górska 2000). At the beginning of the heliographic series, the values of sunshine
duration were below 1,600 h, increasing then to 1,899 h (1932), and in subsequent
years, in line with the “global dimming” trend, they fell, particularly evident in the
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Fig. 9.7 Multi-annual course of annual sunshine duration [hours] in Kraków (1884–2018),
Warszawa (1904–2018), Puławy (1923–2018), Wrocław (1891–2018), and Śnieżka (1901–2018)
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Fig. 9.7 (continued)

1950s (Fig. 9.7). Since 1962 (1,240 h), annual sunshine duration has been increasing
irregularly, except for 1980, when, just like at the other stations, a minimum value
was observed (1,209 h). In Puławy, like in Warszawa, the highest values of sunshine
duration, exceeding 2,000 h, occurred in 2018 (2,110 h) and 2006 (2,038 h).

In Wrocław, the minimum annual sunshine duration occurred in 1912 (1,138 h),
while the maximum (2,119 h) was reached in 1921. The low values of sunshine dura-
tion in 1912 were also recorded inWarszawa and on Śnieżka and can be explained by
the eruption of the Katmai/Novarupta volcano in Alaska (June 6, 1912). High totals
of sunshine duration in 1921 also occurred at other stations in Poland (e.g. in Kraków,
Warszawa, Bydgoszcz, Kołobrzeg, and on Śnieżka) and are associated with circu-
lation factors, i.e. the minimum cyclonicity index and minimal cloud cover in the
multi-annual period (Lewik et al. 2010). Bryś (2013) divides the heliographic series
inWrocław (1875–2010) into 4 basic periods of alternating trends: decreasing (1875–
1912), increasing (1912–1921), decreasing (1921–1980), and increasing (1980–
2010). After the first decade of the twenty-first century, further irregular increase in
annual sunshine duration was observed, up to the value of 2,035 h in 2018 (Fig. 9.7).

The 1901–2018 mean annual sunshine duration on Śnieżka is 1,429 h. This value
indicates that the climatic subregion of the summit zone of the Karkonosze Mts.
belongs to areas with the lowest sunshine duration in Poland, due to the heavy cloud
cover in the summer months (Dubicka 1998). Also, the 1971–2018 data confirm
that, compared to other stations in Poland, Śnieżka is distinguished by a short annual
sunshine duration and a large number of days without sunshine (Fig. 9.1; Fig. 9.10).
The multi-annual course of annual totals shows great variability from year to year
(Fig. 9.7). Similar to other stations, there are several-year trends of increases and
decreases, both associated with “global dimming” and “global brightening”, and
also noticed in the earlier period. Record values include the minimum of 921 h and
the maximum of 2,015 h, occurring at the beginning of the series, respectively, in the
years 1912 and 1921, i.e., in the same years that stand out in multi-annual course at
other stations, e.g. in Wrocław.
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Relative Sunshine Duration

Relative sunshine duration, the ratio of actual to possible sunshine duration, elim-
inates the variability of the day length in the study area. It is a characteristic that
indicates the impact of meteorological conditions (cloud cover, transparency of the
atmosphere) on sunshine duration. The course ofmean annual relative sunshine dura-
tion in Poland (Fig. 9.8a) refers to the spatial variability of actual sunshine duration
(Fig. 9.1a). The highest values occur in the Gdańsk Coastland and Western Polesie
(>39%). The lowest relative sunshine duration (<35%) is found in mountain and
foothill regions.

In the studied period, at each meteorological station, there was a statistically
significant increasing trend in relative sunshine duration, more strongly pronounced
in the western than the eastern part of the country (Fig. 9.8b–c).

The highest relative sunshine duration values occurred in 2018 (46%), the lowest
in 1980 (28%). At all stations, the maximum values fell in the twenty-first century,

Fig. 9.8 Spatial diversification: a annual relative sunshine duration [%] 1971–2018, b absolute
trend slope [%/10y], 1971–2018, c relative trend slope [%/10y], 1971–2018
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with the most (20 stations) in 2018 and 5 stations in the south of Poland in 2015. The
minimum values occurred before 2000, most of which were (20 stations) in 1980
(Table 9.1). The stations with the highest (≥50%) annual relative sunshine duration
are JeleniaGóra,Kołobrzeg,Koszalin, Poznań andWarszawa (Table 9.1). The highest

Table 9.1 Mean, maximum, and minimum annual relative sunshine duration [%] at the stations
included in the study (1971–2018)

Station Mean Maximum Year Minimum Year

Białystok 37 46 2018 25 1980

Chojnice 38 48 2018 30 1980

Gaik-Brzezowa 35 41 2006 27 1980

Gdynia 40 49 2018 32 1977

Gorzów Wlkp. 38 48 2018 29 1977, 1988

Jelenia Góra 37 52 2018 28 1987

Kalisz 38 49 2012 29 1977

Kasprowy Wierch 33 40 2011 27 1980, 1981

Katowice 35 44 2018 25 1980

Kłodzko 37 46 2003 31 1980

Kołobrzeg 38 51 2018 32 1987

Koszalin 38 50 2018 27 1985

Kraków Jagiellonian University
Observatory

34 43 2015 24 1980

Lesko 36 45 2015 25 1980

Łódź-Lublinek 38 48 2018 29 1980

Mikołajki 38 48 2018 28 1980

Nowy Sącz 36 46 2015 26 1980

Opole 38 49 2018 27 1980

Poznań 39 50 2018 28 1980

Puławy 38 47 2018 27 1980

Suwałki 36 44 2018 27 1980

Szczecin Dąbie 36 49 2018 28 1984

Śnieżka 32 41 2003 24 1981

Tarnów 36 46 2015 26 1980

Terespol 40 48 2018 30 1980

Toruń 37 47 2018 27 1981

Warszawa Bielany 37 50 2018 29 1980

Wielichowo 37 49 2018 29 1977

Włodawa 39 45 2003 27 1980

Zakopane 33 40 2015 28 1980

Zielona Góra 36 49 2018 27 1987
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monthly values amounted to 82% and occurred in April 2009 in Chojnice and in July
1994 in Gdynia. In the warm half of the year, the maximum monthly values were
recorded on the coast (Gdynia, Kołobrzeg), while in the cold half of the year the
maxima occurred in the mountains (on the Kasprowy Wierch and Śnieżka Mts.).
The lowest relative annual sunshine duration (24%) occurred in Kraków in 1980 and
on Śnieżka in 1981 (Table 9.1). Extremely low monthly relative sunshine duration
(c.a. 1%) was recorded in the cold part of the year at the stations in north-eastern
Poland (Suwałki in January 1994 and November 1997, and Białystok in December
1984).

The years with the largest positive anomalies were 2003, 2006, 2011, 2015 and
2018, while the largest negative anomalies occurred in the years 1980/1981 and
1985/1989 (Fig. 9.9). Since the beginning of the twenty-first century, individual
months have had a large number of positive anomalies in relative sunshine dura-
tion, compared to the 1970s and 1980s when relative sunshine duration was clearly
lower (Fig. 9.9). It is important to note that high values of relative sunshine dura-
tion can occur every month, both in the warm and cold halves of the year. Most
often, the largest positive anomalies occurred in March (7 years), and the smallest
ones frequently in June and July (2 years for each month). The most maximum
monthly anomalies occurred in 2018 (April, May, September, October, November).
The largest cluster of extremely low negative anomalies occurred in July and August
in the years 1977–1981 (Fig. 9.9), which indicates high cloudiness and low air
transparency during that period.

Number of Days Without Sunshine

The number of dayswithout sunshine is an important characteristic of solar radiation,
independent of the value of actual sunshine duration (not like with e.g. relative
sunshine duration) and less sensitive to changes of measuring instruments than actual
sunshine duration. It is an important, independent source of information confirming
the trend of sunshine duration. The number of days without sunshine is a good
indicator in assessing the bioclimatic conditions of a given area. Longer periods with
no direct inflow of solar radiation affect people’s health and well-being. Sunshine
deficiency is one of themost important factors that burden the human body, especially
in the cold season.

The biggest number of days without sunshine occurs in the north-eastern part of
Poland (>102 days) and decreases in the south-west (Fig. 9.10a). The lowest values
are recorded in the Silesia Lowland, Sudetes Foreland (<77 days), and in the Outer
Western Carpathians, as well as in the Gdańsk Coastland (about 80 days). In the
analysed multi-annual period, there was a statistically significant decrease in the
number of days without sunshine at almost all meteorological stations (Fig. 9.10b–
c). The biggest negative trends, both relative and absolute, are observed at stations
in the north and west of Poland.
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Fig. 9.9 Quantile classification of relative sunshine duration in Poland for individual months in
the years 1971–2018
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Fig. 9.10 Spatial diversification: a number of days without sunshine in Poland 1971–2018,
b absolute trend slope [days/10y], c relative trend slope [%/10y]

The multi-annual course of the annual totals of the number of days without
sunshine shows a downward trend and high year-to-year variability. Until the mid-
1970s, there were on average less than 100 such days a year, and more in the 1980s,
except for 1982 (78days). In the followingyears, the number of dayswithout sunshine
varied from 80 to less than 100 a year (Fig. 9.11). On average, there were 87 such
days in a year, with the most (105) in 1980, and the least (66) in 2015 (Table 9.2).

An analysis of the distribution of days without sunshine in individual seasons
shows that half of these days occur in winter, while summer covers only 10% of their
annual total, and spring and autumn about 20% each. The multi-annual course in
each season (Fig. 9.11) is decreasing, more pronounced in the warm than in the cold
half of the year. In spring, in the last decade of the studied multi-annual period, there
were both the most (22 days in 2013) and the least (9 days in 2007, 2011 and 2015)
days without sunshine, which indicates the high dynamics of weather conditions in
that period. In the summer, the maximum number of days without sunshine occurred
in 1980 (on average >12 days), while the minimum in 2015 (on average 1.5 days). In
autumn, the number of days without sunshine ranged from 34 (1976) to 15 (2006).
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Fig. 9.11 Multi-annual course of the number of days without sunshine in Poland a year, b spring,
c summer, d autumn, e winter
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Fig. 9.11 (continued)

The winter is characterised by the greatest multi-annual variability in individual
years. The highest (close to 50 days) and the lowest (34 days) values occur both in
the first half of the studied multi-annual period and in recent years (Fig. 9.11).

On average, the most (>100) days without sunshine occur in Suwałki and on
Śnieżka (Table 9.2). Additionally, at these stations (and in Białystok), the largest
number of such days occurred. The year 1980 had the largest number of days without
sunshine at 9 stations, 2010 at 4 stations, and 1985 and 2013 at 3 stations each
(Table 9.2). The fewest days without sunshine (<50) were observed in Jelenia Góra
and Opole, and 2015 was a record year in this respect, since the lowest number of
days without sunshine was observed at 15 stations (Table 9.2). It is worth noting that
the relationship between sunshine duration, both actual and relative, and the number
of days without sunshine is loose, e.g. in the record-breaking for sunshine duration
year 2018, the lowest number of such days in the multi-annual period was observed
only at 4 stations.
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Table 9.2 Mean, maximum and minimum annual number of days without sunshine at the stations
included in the study (1971–2018)

Stations Mean Maximum Year Minimum Year

Białystok 100 132 1984 68 2015

Chojnice 88 118 1984 66 2018

Gaik-Brzezowa 89 124 2013 66 2000

Gdynia 80 103 1974 52 1992

Gorzów Wlkp. 88 118 1977 63 2003

Jelenia Góra 73 97 1987 47 2011

Kalisz 84 113 1980 58 2015

Kasprowy Wierch 94 118 2010 69 1986

Katowice 85 127 1987 61 2015

Kłodzko 74 91 1980 50 2007

Kołobrzeg 87 113 2010 64 2015

Koszalin 92 117 1985 65 2018

Kraków Jagiellonian University
Observatory

85 108 2010 61 1989, 2000

Lesko 81 106 1995 50 1986

Łódź-Lublinek 89 114 1985 62 2018

Mikołajki 95 120 2013 65 2015

Nowy Sącz 78 99 1979 56 2015

Opole 79 115 1971 49 2015

Poznań 87 119 1980 63 2003

Puławy 89 112 1980 69 2015

Suwałki 106 128 1980 84 2015

Szczecin Dąbie 92 122 2010 66 2015

Śnieżka 101 129 2013 67 2003

Tarnów 87 112 1985 54 2015

Terespol 88 117 1978 67 2015

Toruń 88 125 1981 62 2015

Warszawa Bielany 92 115 1980 69 2012

Wielichowo 87 119 1980 68 2015

Włodawa 87 108 1980 70 2000, 2015

Zakopane 79 101 1981 60 2018

Zielona Góra 82 109 1980 54 2017
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Discussion and Conclusion

The annual sunshine duration in Poland based on data from 31 stations from the
years 1971–2018 ranges from a minimum of 1,275 h in 1980 to a maximum value of
2,069 h in 2018 with the mean equal to 1,647 h. These values do not differ from the
mean annual totals occurring in the neighbouring countries of Central Europe (Czech
Republic—Bednar 1990; Central Europe—Brázdil 1991; Slovakia—Horecka 1990;
Czech Republic and Slovakia—Vaniček 1990; Germany—Weber 1990; Austria—
Dobesch 1992). In the entire study period, a statistically significant increasing trend
in the annual actual and relative sunshine duration and a decreasing trend in the
number of days without sunshine were observed at all stations.

The annual variability of sunshine duration and its spatial diversification depend
on the length of the day, the size and type of cloud cover, and the transparency of the
atmosphere. In Poland, an increase in sunshine duration in the summer, in the warm
half of the year (March–August), and the whole year, occurs together with increasing
latitude. The northern half of Poland is sunnier in the spring and summer than the
southern part. In the spring, increased values of sunshine duration progress from the
west of the country to the east. In the east, especially in the north-east, the increase in
sunshine duration in the spring is delayed compared to the rest of the country. Spring
is sunnier than autumn, especially in the northern half of Poland. In the summer,
large convective cloud cover prevails in the mountains (south of Poland), resulting
in shorter sunshine duration than in the lowlands. In the winter, and in the cold half
of the year (September–February), sunshine duration decreases from the south to the
north due to the longer day at lower latitudes. In addition, low layer clouds prevail
in this part of the year, which results in the fact that in the mountainous areas in
the south of Poland, at elevations of above 1,000 m a.s.l., there is a high amount
of sunshine while below, in the valleys, fog and low Stratus clouds occur in greater
amounts.

Comparing themapsof annual actual sunshine duration (Fig. 9.1) anddayswithout
sunshine (Fig. 9.10), an inverse relationship between these characteristics can be
seen. This is clearly visible especially on the Gdańsk Coastland and in the Suwałki
Region. The situation is different in the south-west and the foothill areas. There, the
lowest annual number of dayswithout sunshine coincideswith lower annual sunshine
duration.

The mean annual value of relative sunshine duration in Poland is 37%, with the
maximumoccurring in 2018 (46%) and theminimum in 1980 (28%). The transitional
nature of the Polish climate, shaped under the influence of moving low and high
barometric pressures and the related frontal systems in different years, with different
frequency and activity, results in a very big difference in monthly relative sunshine
values in individual years. However, since the beginning of the twenty-first century,
there havebeen amuch larger number of positive relative sunshine duration anomalies
than in the 1970s and 1980s, and a statistically significant growing trendwas observed
at all stations throughout the entire study period.
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The course of the multi-annual totals of sunshine duration in Poland shows trends
similar to the trends in other parts of Europe (Norris andWild 2007; Sanchez-Lorenzo
et al. 2007, 2008;Manara et al. 2015;Matuszko 2014, 2016; Sanchez-Lorenzo 2015).
This is indicated both by the data from the multi-annual period of 1971–2018 and the
long-term heliographic series in Warszawa, Puławy, Wrocław, and on Śnieżka. The
multi-annual variability of sunshine duration is most often explained by changes in
cloud cover, which are conditioned by circulation (including Houghton et al. 2001;
Herber et al. 2002; Sanchez-Lorenzo et al. 2008; Stjern et al. 2009; Matuszko 2014),
or changes in the content of aerosols in the air (among others, Stanhill and Kalma
1995; Stanhill and Cohen 2001; Liepert 2002; Wild et al. 2005; Norris and Wild
2007; Ruckstuhl and Norris 2009; Sanchez-Lorenzo et al. 2009; Stjern et al. 2009;
Folini and Wild 2011; Wild 2009, 2012; Wang et al. 2013; Vetter and Wechsung
2015). The periods of “global dimming” and “global brightening” widely presented
in the climatological literature are very clearly visible in the course of sunshine
duration in Poland. The years 1971–1980 mark the ending of “global dimming”,
which was manifested in very low values of actual and relative sunshine duration. In
1980, record low values of these characteristics were observed at many stations in
Poland (Koźmiński and Michalska 2005; Gluza and Filipiuk 1995).

The decrease in sunshine duration in the 1980s was followed by an increase
(“global brightening”), reachingmaximumvalues in 2018. The occurrence of anoma-
lously high totals of sunshine duration that year, among others in Central Europe,
is also indicated by the studies based on the measurements performed by geosta-
tionary satellites (Kothe et al. 2019). At all meteorological stations, there was a
statistically significant growing trend in actual and relative sunshine duration, more
strongly expressed in the western than the eastern part of the country. These trends
can be explained by both circulation factors, i.e. an increase in the frequency of
occurrence of convective clouds in recent years, and a decrease in the frequency of
stratiform clouds, as well as anthropogenic factors, i.e. the improvement of air quality
in Poland. The end of the 1980s was a period of intensified international projects
aimed at reducing the emission of sulphur and nitrogen compounds into the atmo-
sphere. The measures taken yielded positive results, as evidenced by the courses of
the multi-annual variability of transparency of the atmosphere published by different
authors and confirmed by a decrease in the aerosol optical depth (AOD) of the atmo-
sphere, which has been marked in Central and Eastern Europe since the mid-1980s
(Weller and Gericke 2005; Ruckstuhl et al. 2008; Ohvril et al. 2009; Markowicz and
Uscka-Kowalkowska 2015).

Similar tendencies in sunshine duration over a larger area indicate causes of global
nature, only modified by local factors. Macro-scale conditions can be of both natural
(circulation) origin and anthropogenic, as a result of industrial development and
urbanisation. The impact of volcanic eruptions cannot be ruled out (Mount St. Helens
in May 1980, Eyjafjallajökull in Iceland in April 2010). Floating in the air, volcanic
aerosols could, directly and indirectly, by increasing cloud cover, contribute to the
reduction of the inflow of solar radiation, which in those years resulted in decreases in
sunshine duration at many stations. The relationship between volcanic eruptions and
sunshine duration was demonstrated by, among others, Stanhill and Cohen (2005).
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Chapter 10
Change of Cloudiness

Janusz Filipiak

Abstract Cloudiness is an important element of the climate system as it strongly
influences the global energy balance. On the basis of data from 57 stations, the most
important features of spatial diversity and temporal variability of cloudiness, i.e.
annual and seasonal mean and extreme values, number of clear and cloudy days and
cloud type, were analysed. Themean annual cloud cover in Poland in the years 1951–
2018 was 68.2%. The maximum value, equal to 73%, was recorded in 1966, whereas
the minimum value of nearly 61% occurred in 1982. The lowest level of cloudiness
occurs in summer, while the largest in winter. Generally, cloudiness in spring is
lower than in autumn. In spring and summer, cloudiness decreases eastwards, while
in autumn and winter it increases towards the north of the country. Additionally,
the western part of Poland is cloudier than the east of the country. In the north,
a negative tendency in annual cloudiness in the period 1951–2018 prevails, while
in the south positive statistically significant changes occur. The amount of cloudi-
ness in particular seasons also changes, however, stronger trends can be observed in
subperiods: 1951–1984 and 1985–2018. In winter, in the later period, a statistically
significant increase in cloudiness occurs with the coefficient increasing towards the
south. Strong positive trends in spring were in the period of 1951–1984. In both
remaining seasons, recorded changes of cloudiness are smaller, and, in the period
of 1985–2018, a decrease of cloudiness was observed across the country. Overall,
the frequency of cloudy days is much higher in Poland than clear ones. The number
of clear days is decreasing considerably across the country, and, in case of cloudy
days, negative changes concern only some regions. Atmospheric circulation plays a
key role in shaping nephological conditions, however, processes of a local scale are
also important. Stratocumulus, Altocumulus and Cirrus are the most frequent clouds
among the low-level, middle-level and high-level clouds, respectively, in Poland, but
its percentage ranges significantly in various regions. Coastlands are most favourable
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in the country for the occurrence of both convective clouds and Stratus clouds. Stra-
tocumulus clouds are most common in the whole country, particularly in areas with
a diverse relief, and Altocumulus clouds are most observed in southwestern Poland.
The frequency of occurrence of Altostratus decreases slightly from west to east.
Cirrostratus clouds are the most frequent in western Poland, while Cirrocumulus
clouds are very rare. In case of low-level clouds, excluding Stratus, a strong, statisti-
cally significant positive trend occurs. In addition, the number of Stratus observations
is declining substantially. The frequency of occurrence of Altostratus and Nimbo-
stratus is systematically decreasing, while in the case of Altocumulus, an increase
may be observed. On the whole, high-level clouds can be observed more and more
frequently in Poland.

Introduction

Cloudiness seems to be one of the most interesting among the meteorological
elements. Clouds strongly influence the global energy balance: on the one hand,
reflecting a large part of shortwave radiation, and, on the other, absorbing long-wave
radiation and emitting the additional considerable own flux of energy (Norris and
Slingo 2009; Siebesma et al. 2009; Boucher et al. 2013; Zhou et al. 2016). What is
crucial is that their role in many regions of the Earth, particularly the most fragile
ones, is still increasing—e.g.Vavrus et al. (2011) reported on the growing feedbackon
climate driven by clouds observed in theArctic, and Schneider et al. (2019) presented
the mechanism concerning how clouds can respond to greenhouse warming in the
subtropical region.

Moreover, clouds greatly interact with other meteorological variables. There is a
relation between the observed worldwide, long-term decrease in daily temperature
range and the changes in cloud cover (Henderson-Sellers 1986), seasonal and regional
variability of relative humidity and cloud cover (Cox et al. 2015), and sea ice and
cloudiness (Jun et al. 2016).

Though visual observations at synoptic and climatological stations still remain
the main source of information on the spatial and temporal variability of cloud cover
and cloud type, the role of new methods, such as satellite observations (Hollmann
et al. 2013) detecting clouds from a position above the atmosphere, is increasing.
Such developments help in the discovery of new patterns of cloud changes as, e.g.
increasing height of the highest cloud tops at all latitudes or poleward retreat of mid-
latitude storm tracks (Norris et al. 2016). The drivers of all current changes in cloud
amount and type appear to be related mostly to anthropogenic activity, specifically
increasing greenhouse gas concentrations or human-induced aerosol optical depth
(Charlson et al. 1992; Boers et al. 2017). The increasing analytical possibilities and
growing volume of data constitute an important contribution to the enhanced analyses
of long-term variability of cloud cover and cloud type (Eastman et al. 2011; Eastman
and Warren 2013) as well as climate model simulations (Webb et al. 2017).
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The increase in the spatial resolutionof researchbrought to light important features
of cloudiness variability in the smaller areas of special interest, as is presented in the
analysis below.

Data and Methods

The structure of spatial and temporal variability of cloudiness in Polandwas analysed
for the period 1951–2018 using data derived from 57 observation stations located
throughout Poland. The varied locations of the stations presents the variability of
cloudiness in all geomorphological types of Polish landscapes (shores, lowlands,
uplands, mountain foothill basins and mountains—low and high) (Solon et al. 2018).

The research material was derived mainly from manned synoptic stations, where
measurements of cloud characteristics were made by visual observation. Initially,
it included data on total cloud cover gathered during eight main and intermediate
standard times (starting from 00 to 21 UTC).

Taking the specificity of the materials provided by the Polish National Hydrolog-
ical and Meteorological Service (IMGW-PIB), the majority of data was available for
the periods starting not earlier than in 1966. As for the period 1951–1965, the data
available covers only three climatological times—morning, afternoon and evening.
Moreover, during the 1990s, at some stations, 24/7 observation shifts were changed
into a 12-h system of work, starting at 6 and finishing at 18 UTC. In 2000, some of
the synoptic stations (more precisely the changes affected five stations) were fully
automated. It was decided to delete these stations from the analysis due to insufficient
temporal data coverage. In 2014, some more changes to the IMGW-PIB observation
network were introduced, resulting in withdrawal of cloud observations from the
observing practices at almost 20 stations (of total number of 63 synoptic stations in
Poland). At the beginning of 2018, cloud observations were brought back in practice
at approximately half of them. Currently (the end of 2019), observations of clouds
are made at 48 Polish synoptic stations.

Additionally, three climatological stations were also added to the list of those
analysed. The data on total cloud cover enriched the analysis concerning several
physico-geographical regions. In Poland, climatological observations are carried out
at times corresponding to the main morning, afternoon and evening synoptic obser-
vation times (i.e. 6, 12 and 18 UTC). Until 1970, meteorological observations in
Poland had been made at 7, 13 and 21 of the local solar time.

As the analysis covered data obtained from the stations of different order (synoptic
and climatological) and taking the above-mentioned changes in the observing prac-
tices under consideration, it was decided to use only the data gathered at three main
standard times (06, 12 and 18 UTC), referring to the climatological ones.

Subsequently, it was necessary to standardise the unit used when assessing the
total cloud cover. The one currently used—okta (covering the figures from 0 to 8
and, additionally 9 for an obscured sky), was introduced into observation practice
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on 1 January 1966 at the synoptic stations and on 1 January 1989 at the climatolog-
ical ones. Before that time, cloud amount had been recorded in deciles (on a scale
0–10). Both units were converted into percentages in accordance with the WMO
guidelines (WMO 2018). The cases with 9 oktas have been classified as situations
of overcast sky (8/8). The number of such observations was very small and they
constituted approximately 1% of all analysed cases. Exceptionally, at some stations
located in the lakelands (Kętrzyn, Resko, Chojnice and Gorzów Wlkp.) and in the
mountain regions (Zakopane—intramountain basin, Lesko—low mountains) such
observations reached the value of approximately 2%. However, at two Polish high-
mountain observatories, the percentage of full cloudiness cases was relatively high
(Kasprowy Wierch—34%, Śnieżka—40%).

On the basis of the observation data, the mean daily total cloud cover was calcu-
lated for each analysed station. Then, the most important features of spatial diversity
of mean annual and seasonal values of the element in the period 1951–2018 were
determined. The aspects of temporal variability were analysed for the whole selected
research period as well as its two subperiods: 1951–1984 and 1985–2018. Next, the
annual frequency of clear and cloudy days was calculated. A clear day is one with a
daily mean cloudiness lower than 20% of the cloud amount. Analogically, a cloudy
day is the one with the daily mean cloudiness of more than 80% of the cloud amount.

Additionally, cloud type, i.e. estimate of sky fraction covered by a variety of ten
cloud genera in the period of 1966–2018 for several dozen stations was analysed. The
stations were selected using the criteria of observation material completeness, i.e.
only fromserieswith eight daily observations atmain and intermediate standard times
of cloud genera at all three levels were taken into account, which finally resulted in
the number of 23 series. According to the regulations of FM-12 synoptic code (WMO
2018), results of cloud type observations are classified using a scale given in synoptic
code: CL, CM or CH. However, this specific way of coding does not always enable
the assignment of a single genus of cloud to a particular code element, as Matuszko
and Węglarczyk (2018) mentioned in their analysis. The regulations concerning the
coding of CL, CM or CH clouds in a situation when there is more than one genus of
clouds in the sky which correspond to more than one code of clouds at particular
level, put an obligation to select a proper code in accordance with the fixed priority
hierarchy.

An easily noticeable example concerns low clouds—the appearance of the sky
coded CL = 3 and 9 means thatCumulonimbus is present, yet it may be accompanied
byCumulus,Stratocumulus orStratus. Thus, it can be assumed that the accompanying
clouds appeared in the sky in some part of the cases; in the remaining cases a huge
Cumulonimbus completely obscured the other genera of clouds. A code of CL =
8 means coappearance of Cumulus and Stratocumulus, with their bases at different
heights. Thus, all the caseswere assigned to both clouds. In the case ofmiddle clouds,
a code of CM = 2 means Nimbostratus or Altostratus sufficiently dense to hide the
sun. The ratio of the occurrence of both clouds has to be, however, assigned. A
code of CM = 7 concerns both Altocumulus and Altostratus/Nimbostratus. Usually,
observers code two genera of clouds—Ac As or Ac Ns. That is why, all observations
coded that way were added to the number of Altocumulus cases, but part of them
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have to be added to the number of Altostratus and Nimbostratus ones. In the case
of high clouds, a similar approach was implemented. The numbers 5 and 6 added to
code of CH mean not only Cirrostratus, but also the possibility of coappearance of
Cirrus clouds. Similarly, in the case of CH = 9, domination of Cirrocumulus does
not exclude the existence of Cirrus and Cirrostratus clouds in the sky.

The above-mentioned short description explains why analysis of cloud type shall
always be preceded by a detailed comparative analysis of data contained in synoptic
reports and journal of synoptic observations. Nonetheless, the results of methodolog-
ical analyses initially begun by the Polish National Meteorological and Hydrological
Service, with the use of observation practices implemented at the Polish synoptic
stations (IMGW-PIB 2013), further developed by the author for the purposes of the
current paper, helped to indicate a simplified method of assigning a particular genus
or genera of clouds to the code of CL, CM or CH. The observation material for the
years 2000–2018 collected for the current analysis helped to justify and improve the
methodology. Its updated results are displayed in Table 10.1.

It is also worth emphasising that when analysing observation data concerning
genera of clouds at levels higher than the low level it is important to keep in mind
the fact that in some cases, the sky was completely obscured by the lower level
clouds. As for the middle clouds, such a situation concerned approximately 30–40%
of cases. However, the high clouds were not visible during approximately 50% of
the observations. At the stations located in the north and in the mountain areas, this
percentage was even higher.

Results

Total Cloudiness

The average annual total cloud cover in Poland during the period of 1951–2018 is
68.2%. The value of the variable recorded at particular stations varies from nearly
65% to more than 75% (Fig. 10.1a). Western and eastern peripheries of the Southern
BalticCoastlands belt (Świnoujście,Hel andGdynia stations: 64, 65 and65%, respec-
tively) as well as the area of the Northern Subcarpathians (with value recorded at
the Sandomierz station—64%) are the least clouded are in the country. The largest
degree of cloud coverage is observed in the mountainous areas—the Sudety Mts.
and the Carpathians, yet the average annual total cloud cover in the Karkonosze Mts.
(the highest range in Sudety Mts.) is higher than in the Tatra Mts. (culmination of
the Carpathians). The average annual total cloud cover at the top of Śnieżka Moun-
tain in the Karkonosze Mts. reached almost 76%, while at Kasprowy Wierch it was
73%. Although cloudiness is predominantly dependent on the macro-scale situation
(Ustrnul and Niedźwiedź 1994), there are a number of local factors affecting the
forming clouds in the mountains (Trepińska 2002; Szyga-Pluta 2017). Among these,
intensive dynamic and thermal turbulence can be listed as well the local convection
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Table 10.1 Relation between coding of CL, CM or CH clouds as reported in synoptic reports and
corresponding cloud genera reported in journals of synoptic observationsa

Code of
cloud
reported in
synoptic
report

Corresponding cloud genus reported in journal of synoptic observations

CL 1 Cumulus

2 Cumulus, Stratocumulus (20% of cases)

3 Cumulonimbus, Cumulus (75% of cases), Stratocumulus (50% of cases), Stratus
(20% of cases)

4 Stratocumulus

5 Stratocumulus, Stratus (25% of cases)

6 Stratus

7 Stratus

8 Cumulus, Stratocumulus

9 Cumulonimbus, Cumulus (50% of cases), Stratocumulus (50% of cases), Stratus
(10% of cases)

CM 1 Altostratus

2 Nimbostratus (80% of cases), Altostratus (20% of cases)

3 Altocumulus

4 Altocumulus

5 Altocumulus

6 Altocumulus

7 Altocumulus, Altostratus (90% of cases)

8 Altocumulus

9 Altocumulus

CH 1 Cirrus

2 Cirrus

3 Cirrus

4 Cirrus

5 Cirrostratus, Cirrus (75% of cases)

6 Cirrostratus, Cirrus (75% of cases)

7 Cirrostratus

8 Cirrostratus, Cirrus (50% of cases), Cirrocumulus (10% of cases)

9 Cirrocumulus, Cirrostratus (25% of cases), Cirrus (25% of cases)

aNumbers in parentheses indicate the percentage of cases when particular genera of clouds occur in
relevant situation of coding. Lack of information in parentheses means that particular cloud occurs
in each individual case



10 Change of Cloudiness 223

Fig. 10.1 Variability and change of annual total cloudiness: mean values (1951–2018; %; a),
coefficient of variability (%; b), absolute trend for the whole period (1951–2018; %/10y; c), relative
trend for the whole period (%/10y; d), absolute trend for the first half of the period (1951–1984;
%/10y; e), relative trend for the first half of the period (%/10y; f), absolute trend for the second
half of the period (1985–2018; %/10y; g), relative trend for the second half of the period (%/10y;
h). Statistically significant (0.05) trends were shown in (c, e, g) as circles
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movements. Cloud condensation level depends also on the vertical profile of water
vapour.

Overall, total cloud cover in western Poland is greater than in the central and
eastern parts of the country. A slightly higher level of cloudiness is also observed
within the longitudinal belt stretching from the Sudety Mts., through the eastern part
of the Central Poland Lowlands and Southern Baltic Lake Districts, and reaching the
central part of the Southern Baltic Coastlands region. In the Lakelands, cloud cover
exceeds 70% (at Chojnice station, it is 72%). Western Poland is more frequently, in
comparison with other parts of the country, affected by the humid polar maritime air
masses from the Atlantic Ocean. Their advection results in an increase in cloudiness,
no matter the season.

It is also worth emphasising that the eastern part of the Lakelands region is char-
acterised by higher degree of cloudiness than the neighbouring areas (slightly above
70% at Mława station or nearly 70% in Suwałki). The increased total cloud cover
over the Polish lake districts correspond with the varied relief of this part of Poland,
which in turn may be considered as an important factor fostering development of
cloud coverage.

In the Polish Uplands region and in the eastern part of the Lowlands, cloud levels
are below 70%, usually between 67 and 68%.

The average annual cloudiness in the Lakelands varies the least—the coefficient
of variation at some stations does not exceed 4% (Fig. 10.1b). A similar stable
situation is observed in the Tatra Mts. In the Uplands, the values of the coefficient
reaches approximately 5%, and it systematically increases towards the west, finally
exceeding 5%. Within the Coastlands, where the average annual total cloud cover is
the lowest, the coefficient of variation comes to nearly 6%.

In a substantial part of the territory of Poland during the period of 1951–2018,
there were no significant variations in cloudiness observed (Fig. 10.1c). However, in
the north, a negative tendency in cloudiness predominates, while in the south—it is
positive, with the exception of the Subcarpathians and Carpathians and excluding the
Tatra Mts. Some statistically significant changes in total cloud cover were recorded
in several dozen cases with domination of series presenting the positive trend in case
of stations located in the southern part of Poland. Kalisz is the station at which the
cloud cover develops at the fastest pace of 0.7%/10y. All in all, cloudiness decreased
significantly only at three Polish stations (Kołobrzeg in the Coastlands, Suwałki in
the Lakelands and Tarnów in Subcarpathians). The location of these stations seems
to be random, therefore it suggests the impact of local factors. Spatial diversity in
the relative trend (Fig. 10.1d) confirms the domination of positive tendencies in the
development of annual total cloud cover in Poland.

The maximum of the average annual total cloud cover in Poland equalled 73%
and was observed in 1966 (Table 10.2). At particular stations, the occurrence of
maximum values was differentiated. It was observed most frequently in 1966 (11
stations, mostly in the northern part of Poland), 1980 (8 stations in eastern and
southeastern Poland), 2013 (9 stations in central, southern and western parts of the
country) and 2017 (6 stations located in central Poland). The cloudiest sky was in
2001 on Śnieżka Mt. (81%).
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Table 10.2 Highest and lowest values of mean annual cloudiness [%] at stations taken into
consideration (1951–2018)

Station Highest Lowest

Value Year Value Year

Białystok 76.1 1980 62.3 1969

Bielsko-Biała 73.4 1952 59.8 1982

Chojnice 78.5 1966 65.8 1982

Częstochowaa 72.9 1952 55.8 1982

Elbląg 76.6 1962 60.7 1992

Gdyniaa 73.3 1977 56.3 1982

Gorzów Wlkp. 77.4 1966 61.0 1982

Hel 71.9 1966 57.8 1989

Jabłonkaa 72.6 1970 60.1 1982

Jelenia Góra 77.6 2013 62.6 1953

Kalisz 75.9 2013 60.8 1982

Kasprowy Wierch 78.8 2004 62.4 1953

Katowice 73.4 2016 58.6 1982

Kętrzyna 72.8 2013 59.1 1982

Kielce 74.9 2013 59.0 1982

Kłodzko 76.5 2013 60.7 1982

Kołoa 73.7 2013 57.8 1982

Kołobrzeg 74.6 1966 60.6 2018

Koszalin 76.8 1966 61.4 1982

Kraków Balice 71.0 1980 58.3 1982

Krosnoa 77.7 1966 60.2 1982

Legnicaa 78.9 2001 58.2 1953

Leskoa 74.8 1970 58.8 1982

Lesznoa 76.8 2001 59.3 1982

Lublin 77.3 1980 59.0 1982

Łeba 74.3 1977 59.9 1953

Łódź 74.8 2017 59.1 1982

Mikołajkia 74.4 2017 60.6 1953

Mławaa 75.4 2017 64.1 1964

Nowy Sącza 72.8 1958 59.8 1982

Olsztyna 73.1 1966 61.4 1982

Opole 74.5 2001 59.9 1982

Piłaa 73.8 2001 61.4 1982

Płocka 74.1 1952 61.8 1956

(continued)
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Table 10.2 (continued)

Station Highest Lowest

Value Year Value Year

Poznań 74.0 2017 56.7 1982

Puławy 76.9 1980 58.4 1953

Racibórza 71.9 2010 56.8 1982

Reskoa 77.3 1977 61.9 2003

Rzeszówa 72.3 1980 56.8 1982

Sandomierza 70.9 1980 56.1 1982

Siedlce 74.3 1980 62.1 1964

Słubicea 75.9 2013 59.8 1982

Sulejówa 75.0 2013 60.3 1982

Suwałki 76.6 1966 63.5 1951

Szczecin 74.2 1966 58.8 1992

Śnieżka 81.0 2001 66.0 1959

Świnoujście 72.7 1966 55.7 1982

Tarnówa 71.2 1958 56.4 1982

Terespola 74.7 2017 61.8 1982

Toruń 74.3 1952 62.7 1982

Ustka 72.5 1966 59.3 1982

Warszawa 70.9 2017 57.8 1982

Wieluńª 75.1 1981 60.0 1953

Włodawa 76.5 1980 59.0 1953

Wrocław 75.1 2013 55.5 1982

Zakopane 74.6 2014 63.0 1982

Zielona Góra 75.9 1981 61.4 1953

Poland 73.0 1966 60.7 1982

aPeriod shorter than 1951–2018 (see details in Chap. 3 Data and Methods of investigation)

The minimum annual cloudiness, equalling 60.7%, was recorded in Poland in
1982 (Table 10.2). This year was characterised by very low value of cloud cover in
the majority of stations in the country (37 stations of 56 analysed). In addition, very
low value of cloud cover occurred also in 1953. The least cloudy sky was in 1982 in
Wrocław (55.5%).

Periods of lower cloudiness levels were observed during the first half of the 1970s
and at the turn of the 1980s and 1990s (Fig. 10.2). In fact, in the Coastlands, the
minimum recorded at the turn of the 1980s and 1990s was even lower than in 1982.
The sky over Poland was covered with the thickest layer of clouds at the beginning
of the 1960s, in the second half of the 1970s and at the end of the twentieth century.
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Fig. 10.2 Long-term variability of annual total cloudiness in the selected stations of: northern
Poland (station Hel; 1951–2018; a), western Poland (station GorzówWlkp.; 1951–2018; b), eastern
Poland (station Lublin; 1951–2018; c), southern Poland (station Zakopane; 1951–2018; d) and in
Poland as a whole (the average, e). Mean annual value (blue), 10-year consecutive average (red) and
line trend (black) are shown. The trend is statistically significant (0.05, in bold) in (d) and not
significant in (a–c)

The last period of increased cloudiness began at the end of the first decade of the
twenty-first century.

Temporal variability of cloudiness in Poland underwent a noticeable change in
the analysed period. During the subperiod of 1951–1984, a statistically significant
increase in cloudiness was observed at a relatively small number of stations (seven
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stations), mainly in the peripheral areas of the country (Fig. 10.1e). The increase of
cloud coverwas observed particularly in twopairs of stations—one located inwestern
Poland (Legnica and Zielona Góra) and the second one in eastern Poland (Puławy
and Lublin). During the later subperiod—in the years 1985–2018—the increase in
cloudiness was already observed at a greater number of stations and, what is the
most important, intensified and emerged as statistically significant at twice as many
stations than in the previous subperiod (Fig. 10.1g). Positive trends are noticeable
particularly at the stations located in the central and southern parts of the country.
The values of relative trends revealed that cloudiness developed most intensively in
Elbląg, Koło, Wrocław and Częstochowa, while areas with decreasing cloud cover
were still in decline during the period of 1985–2018. Therefore, it can be stated
that atmospheric conditions fostering cloudiness development were observed over
the majority of Poland’s territory. However, though the negative trends were not
observed during the first subperiod, in the second they were recorded at one station
(Zielona Góra, where in the years 1951–1984 cloudiness increased).

Winter is the season characterised by the highest value of total cloud cover
(Fig. 10.3a). The average winter cloudiness in Poland reaches 75.7%. The values
of total cloud cover decrease from north and northeast to the south. An exceptionally
high level of cloudiness is observed over the Lakelands, especially those located
in northeastern Poland. There, the level of cloudiness reaches approximately 80%.
The lowest level of cloudiness, approximately 70%, is observed over the Carpathian
Foreland and Carpathian basins (Zakopane, Nowy Sącz). Similarly, a relatively low
level of cloudiness is observed in the Karkonosze Mountain Basins (Jelenia Góra
station, located in a basin).

The coefficient of variation in winter is higher than the annual one. Its values
increase towards the south, running almost parallel in the southern part of the country
(Fig. 10.3b). The cloudiness varies the least in the lakeland areas of western Poland
and in the central coast. In the Tatra Mts. the coefficient of variation is almost twice
as high.

Largely, winter cloudiness gradually increases at the majority of considered
stations (Fig. 10.3c, d). It is statistically significant at five stations located mostly in
the southern part of the country (the western part of the Lowlands and the Uplands).
Negative tendencies characterise the coastal region, the Lakelands in the northeastern
part of Poland and the Subcarpathians. However, a statistically important decrease
in cloudiness was recorded only in Kołobrzeg in the Coastlands.

While analysing the long-term variability of values of average winter cloudiness,
a minimum is clearly visible in all data series recorded at the beginning of the
1990s (selected examples presented in Fig. 10.4). At particular stations it was 1990–
1991 or 1993. In some cases, especially at stations located in the Lakelands, the
reduced cloudinesswas observed until the end of the twentieth century and at the very
beginning of the twenty-first century as well. Lower levels of cloudiness were also
observed in the 1970s, yet this anomalywas visiblemainly at the southern stations. At
the upland stations deep minimums and periods with high levels of cloudiness were
observed alternately in the 1960s. At the Lakeland stations, the lowest cloudiness
level was observed during the winters of 1954 and 2003. The level of cloudiness
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Fig. 10.3 Variability and change of total winter cloudiness: mean values (1951–2018; %; a),
coefficient of variability (%; b), absolute trend for the whole period (1951–2018; %/10y; c), relative
trend for the whole period (%/10y; d), absolute trend for the first half of the period (1951–1984;
%/10y; e), relative trend for the first half of the period (%/10y; f), absolute trend for the second
half of the period (1985–2018; %/10y; g), relative trend for the second half of the period (%/10y;
h). Statistically significant (0.05) trends were shown in (c, e, g) as circles
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Fig. 10.4 Long-term variability of total winter cloudiness in the selected stations of: northern
Poland (station Hel; 1951–2018; a), western Poland (station GorzówWlkp.; 1951–2018; b), eastern
Poland (station Lublin; 1951–2018; c), southern Poland (station Zakopane; 1951–2018; d) and
in Poland as a whole (the average, e). Mean seasonal value (blue), 10-year consecutive average
(red) and line trend (black) were shown. The trend is statistically not significant (0.05) in (a–d)

visibly increased in the 1960s and this positive anomaly lasted for a decade. Another
period of increased cloudiness started at the beginning of the present century and
lasted until the end of the research period.

The highest winter cloudiness level in Poland occurred in 2013, when its value
reached 86.5% (Table 10.3). At particular analysed stations it was most frequently
also in 2013 (35 stations), 1953 (eight stations) and 1977 (four stations). At the
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remaining stations, the cloudiest sky in winter was observed in other years, i.e. in
1955, 1966 and 1967, 1970, 1988, 1994 and 2018. The highest total cloud cover at
particular stations equalling 90.7% occurred in Gorzów Wlkp. in 2013.

The lowest total cloud cover in winter, 66.6%, in Poland occurred in 1976
(Table 10.3). At particular stations the years with the lowest cloudiness level in
winter were: mentioned 1976 (23 stations), 1954 (17 stations) and 1990 (10 stations
in the southern and southeastern part of the country). Furthermore, there were some
additional years marked with very low levels of cloudiness: 1964 (minimum at five
stations), 1984, 1993 and 1996. The clearest sky in winter occurred in 1964 at
Kasprowy Wierch in the Tatra Mts; its value did not exceed 54% (53.7%). It should
be underlined that the minima occurring in winter at stations located in mountains or
mountain forelands were characterised by exceptionally low values, not exceeding
60% (e.g. Jabłonka and Zakopane—54.3 and 55%, respectively in 1990, Śnieżka
Mt.—57% in 1964, Nowy Sącz—56.3% and Bielsko-Biała—58.3%, also in 1990,
Jelenia Góra—58.7% in 1993). The minima recorded at the remaining stations did
not drop below 60%, in the case of stations located in northern Poland these values
were even close to 70%.

Both selected subperiods differ from each other in terms of sign of trend coef-
ficients of cloudiness occurring in the country. During the first one, 1951–1984,
decreases in the average seasonal cloudiness were common at stations all over Poland
(Fig. 10.3e, f). The pace of decrease was higher than −1.5%/10y, and the value of
the relative trend was even higher.

In the second analysed subperiod, 1985–2018, the trend completely reversed.
At most stations, a strong, statistically significant increase in cloudiness was
observed. The value of the trend increased towards the south, reaching 3%/10y at the
Subcarpathian stations. The weakest observed changes were at the stations located
along the western part of the Coastlands.

In spring, mean seasonal total cloud cover equals 65.7%, and cloudiness visibly
decreases after the winter season, which is characterised by very high cloudiness
levels (Fig. 10.5a). This change is the most apparent in the northern part of the
country, where the cloudiness decreases from approximately 80% in winter to 65–
67% in spring and even less in the coastal areas (Świnoujście andHel—less than 60%,
Ustka—61%, Łeba and Kołobrzeg—62%). In the Lakelands of northeastern Poland,
which is usually mostly covered with a layer of clouds in winter in comparison with
the rest of the country, clouds cover less than 65% of the sky in spring. Springs are
also quite sunny in the Lowland area of central Poland. There the level of cloudiness
is also less than 65% in spring. Both the Lowlands and Lakelands, located in thewest,
are characterised by the cloudiness reaching approximately 66–68%. In the Uplands,
the total cloud cover is similar. In the Subcarpathian region, cloudiness drops to less
than 65%, while in the mountains it is considerably higher. In the highest parts of
the mountains—the Karkonosze Mts. and the Tatra Mts.—clouds cover more than
75% of the sky.

Spring variation of the cloudiness is also higher than in the winter (Fig. 10.5b). In
the coastal areas and in the Lakelands of northeastern Poland, values of the coefficient
of variation reach 9–10% and then slightly drop towards the south. The variability
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Fig. 10.5 Variability and change of total spring cloudiness: mean values (1951–2018; %; a), coef-
ficient of variability (%; b), absolute trend for the whole period (1951–2018; %/10y; c), relative
trend for the whole period (%/10y; d), absolute trend for the first half of the period (1951–1984;
%/10y; e), relative trend for the first half of the period (%/10y; f), absolute trend for the second
half of the period (1985–2018; %/10y; g), relative trend for the second half of the period (%/10y;
h). Statistically significant (0.05) trends were shown in (c, e, g) as circles
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is higher in the Lakelands and Lowlands of the western part of Poland and in the
Upland areas in the east. In the submountainous areas and in themountains, the cloud
cover again varies slightly less.

By and large, there are not many stations in Polandwhich experienced statistically
significant changes in spring cloudiness in the period 1951–2018 (Fig. 10.5c). In the
Lowland areas ofwestern Poland, the value of cloudiness rose; statistically significant
values were recorded in Legnica and Kalisz. In the Subcarpathian region and in the
Outer Western Carpathians (Beskidy Mts.), the cloudiness systematically decreased,
which has been proved by the negatives values of the trend coefficient for stations in
Tarnów andNowy Sącz. In the remaining area of Poland—in the central and northern
parts of the country—changes were insignificant, mostly negative and do not exceed
0.5%/10y. The strongest relative trend characterised the previously mentioned data
series recorded in Nowy Sącz (approx. −1.5%) (Fig. 10.5d).

The beginning of the 1950s was particularly clear, especially the spring of 1953
when the absolute minimum cloudiness was recorded across the country (Fig. 10.6).
After that, the value of total cloud cover gradually began increasing. From the 1960s
to the very beginning of the 1980s, a clear positive anomaly in spring cloudiness was
observed. At the turn of the 1980s and 1990s, the cloud coverage level did not change
considerably. Then, in the north, a decrease in the average seasonal cloudiness was
recorded. Subsequently, at the end of the last century, its value started to grow, and
during the first decade of the twenty-first century, the average seasonal cloudiness
dropped again. In the south, the turn of the centuries brought a negative anomaly of
the element value, and, in the last few years of the research period, a slight increase
in the cloud coverage was observed.

The cloudiest sky in spring in Poland, amounting to 75.1%, occurred in 1970
(Table 10.3). The minimum at particular stations was observed irregularly, however
at many of them (23 stations) it was recorded in 1970. At nine stations, the minimum
of spring cloudiness was observed in 1958, at another four in 1962 and at five in 1966.
Additionally, the very low values of cloudiness were also recorded at the remaining
stations in 1977, 1983, 1991, 2013 and 2017. The aforementioned minimum in
spring cloudiness in Poland in 1953 was only 50.4% (Table 10.3). This absolute
minimum was reflected in the course of series of 40 stations. The lowest cloudiness
among all stations, equalling 44.8%, was then observed in Gdynia. At other stations
the minimum cloudiness occurred in 1959, 1963 and 1974. In the Bieszczady Mts.
(southeastern Poland), the lowest level of cloudinesswas observed in 1982.At several
individual stations,minimaoccurred at the turn of the century (at two stations in 2000)
and in the twenty-first century (2007 and 2011).

Positive oscillation in the cloudiness of the 1960s resulted in the existence of
strong positive trends throughout the country (Fig. 10.5e, f). More than ten stations
recorded a statistically significant change in cloudiness in the period of 1951–1984,
including the highest growths—approx. 3%/10y—recorded in the eastern Uplands.
Although the observed trends in the south were stronger than in the north, there were
a few stations in the Subcarpathian region at which slight decreases in the cloudiness
were observed.
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Fig. 10.6 Long-termvariability of total spring cloudiness in the selected stations of: northernPoland
(station Hel; 1951–2018; a), western Poland (station GorzówWlkp.; 1951–2018; b), eastern Poland
(station Lublin; 1951–2018; c), southern Poland (station Zakopane; 1951–2018; d) and in Poland
as a whole (the average, e). Mean seasonal value (blue), 10-year consecutive average (red) and line
trend (black) were shown. The trend is not statistically significant (0.05) in (a–d)

In the subperiod of 1985–2018, the cloud coverage underwent changes in the
opposite direction (Fig. 10.5g, h). In the northern and western regions, the cloudi-
ness started to decrease and the station in Kętrzyn recorded statistically significant
growth. A higher drop was observed in the whole Carpathian region along with the
submountainous areas, and the decrease in cloudiness was even higher in Krosno
than in the north. Some insignificant increases were observed in the central areas of
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Lowlands. At the station located in Elbląg (northern Poland) the increase in cloudi-
ness was extremely high during the analysed period, possibly due to the relocation
of the station in the beginning of the second decade of the current century (the expo-
sure of the station rose more than 100 m above sea level compared with the former
location).

In comparison to spring, cloudiness in Poland continues to decrease in summer
(Fig. 10.7a), even in the mountains where it has reduced by 2–3%. Less than 60% of
the summer sky over the coastal areas is covered by clouds: 55% in Świnoujście, 56%
in Hel and 58% in Gdynia and Ustka. There is a visible difference between the value
of total summer cloud cover over the east andwest parts of Poland; usually it is higher
by 5% in the west. There is also a belt of low cloudiness across the Subcarpathian
region and the Uplands of eastern Poland, along the Vistula River—the average
cloudiness does not exceed 60% there; in Sandomierz it drops to 58%.

Summer is the season with the least average cloudiness, equalling 62.1%, and
with the highest total cloudiness variability (Fig. 10.7b) when comparing to the
other seasons. The coefficient of variation in the north exceeds 10%, which indicates
great dynamics of cloud conditions. However, the value decreases towards the south
reaching 6–7% in the submountainous areas and less than 6% at Zakopane station,
located at the foot of the Tatra Mts. High values of the coefficient of variation were
also observed in Uplands of the eastern areas of the country.

The only statistically significant changes in the summer cloudiness during the
period of 1951–2018 were observed at a few stations in the south of Poland
(Fig. 10.7c). An interesting situation can be observed in the mountains. In the Tatra
Mts. and the Sudety Mts., cloudiness increased systematically, while at stations
located in the lower parts of the mountains, in the Outer Western Carpathians
(Beskidy Mts.), the cloudiness gradually decreased. However, when compared to
the previously described season, in summer there are more regions where a positive
tendency in cloudiness development over the long-term period of research can be
observed. Taking the decrease of the average seasonal cloudiness into consideration,
the relative trend is higher in summer than in spring; it exceeds 1% in the southern
belt and in the northernmost edge of the country (Fig. 10.7d).

When analysing the whole long-term period 1951–2018, some significant year-
to-year anomalies in total summer cloudiness are observed (Fig. 10.8). Most of
the analysed data series are characterised by the existence of alternate positive and
negative anomalies of cloudiness value. Total cloud cover increased at the turn of
the 1950s and 1960s as well as at the turn of the 1970s and 1980s, at the end of the
last century and the beginning of the present one. In 1980, clearly visible cloudiness
maximums were observed at most of the stations throughout the country. However, it
is noticeable that it is not observed for the data series gathered at the stations located
in the north. In the case of coastal stations, the highest cloudiness was recorded in
1987 as well as in 1961 and 1963. A period of decreased cloudiness was observed
in the whole country in the last decade of the twentieth century. This was the period
whenmost stations recordedminimum cloudiness levels (1992). The former negative
oscillation of cloudiness in northern Poland was observed at the turn of the 1960s and
1970s, while in the south it had been observed a few years earlier. The last several
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Fig. 10.7 Variability and change of summer total cloudiness: mean values (1951–2018; %; a),
coefficient of variability (%; b), absolute trend for the whole period (1951–2018; %/10y; c), relative
trend for the whole period (%/10y; d), absolute trend for the first half of the period (1951–1984;
%/10y; e), relative trend for the first half of the period (%/10y; f), absolute trend for the second
half of the period (1985–2018; %/10y; g), relative trend for the second half of the period (%/10y;
h). Statistically significant (0.05) trends were shown in (c, e, g) as circles
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Fig. 10.8 Long-term variability of total summer cloudiness in the selected stations of: northern
Poland (station Hel; 1951–2018; a), western Poland (station GorzówWlkp.; 1951–2018; b), eastern
Poland (station Lublin; 1951–2018; c), southern Poland (station Zakopane; 1951–2018; d) and
in Poland as a whole (the average, e). Mean seasonal value (blue), 10-year consecutive average
(red) and line trend (black) were shown. The trend is statistically significant (0.05, in bold) in
(d) and not significant in (a–c)

dozen years of the analysed period were characterised by a slight, yet continuous,
drop in cloudiness.

The cloudiest sky in summer in Poland was observed in 1980, with a mean total
cloud cover equal to 73.8% (Table 10.3). The indicated year was also marked with
the occurrence of maximum value at 43 stations. However, particularly at coastal
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stations, the highest values did not occur in summer of said year. This is the region
where maxima occurred irregularly, depending on the station. In western part of the
Coastlands (from Świnoujście and Szczecin to Ustka) the highest level of cloudiness
was observed in 1987. In Łeba and Koszalin, it was in 1961, and in Gdynia, located
in western part of the Coastlands, in 1981. In Hel, the maximum occurred in 1998. At
a few stations located in interior of the country, the highest values of cloudiness were
also recorded irregularly—in 1961 (Olsztyn in Masurian Lakeland), 1974 (Kłodzko
in the Sudety Mts.), 1977 (Słubice am Oder in the western part of Lakelands and
Puławy in theMasovian Lowland), 1982 (Legnica in the Silesian Lowland) and 2012
(Kętrzyn in the Masurian Lakeland). The absolute maximum cloudiness in summer
in Poland occurred on Kasprowy Wierch Mt. in 1980 and equalled 84%, at Śnieżka
Mt. it was only slightly smaller and amounted to 83.3%.

The least cloudy sky in summer in Poland occurred in 1992, with the value
amounting to 50.5% (Table 10.3). This absolute minimum was marked also in the
course of cloudiness series of 30 stations. In the Lakelands and Lowlands of western
Poland and in the SudetyMts., the lowest level of cloudiness in summerwas recorded
in 1983. In addition, there are a few stations where the minimum occurred at another
time, e.g. in Legnica and in the TatraMts. in 1952, in Łeba in 1959, inGdynia in 1969,
in Krosno (Outer Western Carpathians) and Sandomierz (Northern Subcarpathians)
in 1971, in Opole (Silesian Lowland) in 1973, in Lesko (Outer Western Carpathians)
in 2015 and in Kołobrzeg and Świnoujście in 2018. Exceptionally low total cloud
cover of only 42.3% occurred in Cracow in the summer of 1992, and in Gdynia in
1969, the value of mean summer cloudiness was only higher by 0.2%.

During both subperiods, only a few stations recorded statistically significant
changes of cloudiness. In the case of the first subperiod, beginning in 1951 and
ending in 1984, there were more such stations (nearly ten) than in the latter one and
all the data regard cases of increases in total cloudiness (Fig. 10.7e, f). Those stations
are most often located in eastern Poland and in the highest parts of the Beskidy Mts.
and Tatra Mts. For those stations the value of the relative trend reached 5%. On the
whole, some drops in cloudiness were recorded only in the central part of the country.

The decrease in cloudiness dominated in the period from 1985 to 2018 (Fig. 10.7g,
h). Yet, there are only four cases of statistically significant cloudiness changes—at
three stations (Legnica, Mikołajki and Krosno) the cloud cover showed a tendency to
decline, while in Elbląg the value of total cloud cover increased—this is the second
time this station has stood out in comparison to other stations located in the same
region. However, it is worth mentioning that some weak positive tendencies were
also observed in Hel and Łeba in the coastal region. All in all, the values of the
relative trends usually do not exceed ±1.5%.

The mean seasonal total cloud cover in autumn amounts to 69.2%, and the cloud
cover over Poland visibly transforms (Fig. 10.9a) comparing to spring and summer.
Clouds cover more than 70% of the sky over the northern part of the country,
with culmination reaching 74% over the Lakelands (Chojnice station). However,
the highest level of autumn cloudiness is observed in the high-mountain ranges: the
KarkonoszeMts. and TatraMts., reaching approximately 76%. In general, the central
areas of the country are not particularly cloudy as of yet.Within the region as awhole,
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Fig. 10.9 Variability and change of autumn total cloudiness: mean values (1951–2018; %; a),
coefficient of variability (%; b), absolute trend for the whole period (1951–2018; %/10y; c), relative
trend for the whole period (%/10y; d), absolute trend for the first half of the period (1951–1984;
%/10y; e), relative trend for the first half of the period (%/10y; f), absolute trend for the second
half of the period (1985–2018; %/10y; g), relative trend for the second half of the period (%/10y;
h). Statistically significant (0.05) trends were shown in (c, e, g) as circles



244 J. Filipiak

an increase in cloudiness is observed towards the west, just as during the rest of the
seasons. The lowest cloudiness level in autumn is observed in the Subcarpathian
region, where less than 65% of the sky is covered with clouds. Transformations of
cloud cover towards the structure typical for the cold half of the year also include
a decrease in variation of the element, visible especially in the north (Fig. 10.9b).
Only in the region with the lowest cloudiness, i.e. the Northern Subcarpathians, the
coefficient of variation reaches approximately 10%, in the remaining areas of the
country it oscillates around 7–9%.

The country is visibly divided into areas opposite in signs of the long-term
tendency of total cloudiness during the period from 1951 to 2018. This division
is more or less latitudinal (Fig. 10.9c). Generally, total cloud cover systematically
decreased in the north but increased in the south; statistically significant data series
were gathered at ten stations. As for the decline of cloudiness in autumn, the trend
was statistically significant only for three stations: Hel and Kołobrzeg in the coastal
region and Suwałki in the northeastern Lakelands. Values of the relative trend rarely
reach 1%, even at stations where significant changes are observed.

The positive and negative phases of total autumn cloudiness in Polandwere consis-
tently observed in series of almost all analysed stations during the period of 1951–
2018 (Fig. 10.10). After two decades of a relatively stable year-to-year values of
autumn cloud cover, a period of increased cloudiness started in the 1970s. However, it
should be emphasised that therewere three consecutive years (1951–1953)with alter-
nate very high and low cloudiness seasons (at most stations the absolute maximum
of average autumn cloudiness was observed in 1952). During the 1980s, a nega-
tive anomaly of cloudiness was recorded with a minimum in 1982. It is also worth
mentioning that at some coastal stations the least cloudy sky was observed in 1988.
Generally, in the 1990s the cloudiness was higher than usual and then during the next
decade it dropped again. The last few years of the research period were characterised
by relatively high year-to-year cloudiness variability.

As mentioned above, the highest autumn cloudiness level was observed in Poland
in 1952. Its value amounted to 83.6%. That year the absolute maximumwas recorded
at amajority of stations. At the stations found along the coast, themaximum typically
occurred in 1978. In the case of stations with observations beginning after 1952,
the culmination of autumn cloudiness was observed, respectively: in 1996 (Sulejów,
NowySącz andKrosno), 1998 (Leszno andLegnica), 2002 (Lesko) and 2017 (Mława
and Terespol). The highest cloudiness in autumn, amounting to 90.3%, was recorded
on Śnieżka Mt. in 1952.

The least cloudy sky in autumn was observed in Poland in 1982, when total cloud
cover amounted to 57.2%. At particular stations, the occurrence of minimum values
was differentiated. Most frequently it was observed in 1982 (17 stations, mostly in
central and southern Poland) and 2005 (16 stations in northern and western Poland).
Therewas also a number of stationswhere the least cloudy sky in the described season
was observed in 1950s (1951, 1953 and 1959, summarising 13 stations) and in 2005
(six stations in southern and southeastern Poland). The remaining cases concerned
the singular stations with minima in other years. The least cloudy sky was in 1982
in Tarnów in the Northern Carpathians, where it was recorded as 45.1%.
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Fig. 10.10 Long-term variability of total autumn cloudiness in the selected stations of: northern
Poland (station Hel; 1951–2018; a), western Poland (station GorzówWlkp.; 1951–2018; b), eastern
Poland (station Lublin; 1951–2018; c), southern Poland (station Zakopane; 1951–2018; d) and
in Poland as a whole (the average, e). Mean seasonal value (blue), 10-year consecutive average
(red) and line trend (black) were shown. The trend is statistically significant (0.05, in bold) in
(a) and not significant in (b–d)

Overall, there were very few significant changes in cloudiness during both subpe-
riods. In the years 1951–1984, cloudiness slightly increased on the western edges of
the country as well as in the central and northeastern parts of Poland (Fig. 10.9e, f).
The region with the most intensively developing cloud cover was the Carpathians.
however, statistically significant variability of the element was observed only at three
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stations located in this region: Jabłonka (Beskidy Mts.), Zakopane and Kasprowy
WierchMt. in the TatraMts. Some insignificant declines in cloudiness were observed
at less than half of the stations. The relative trend reached approximately 2% at a
few stations (in western Poland).

After 1985, the structure of long-term autumn cloudiness variability significantly
changed (Fig. 10.9g, h). At a greater part of the stations, increases in cloudiness were
observed, but statistically significant data series come from only one station located
in Elbląg. In western and central Poland, a decrease in cloudiness is observed as well
as in the Karpaty Mts., while in the northern and eastern parts of the country values
of the element increased.

Clear Days

Certainly the sky over Poland is more often cloudy than cloudless, as confirmed by
data on the number of clear and cloudy days.

In Poland, clear days were recorded at least several dozen times a year during the
period of 1951–2018 (Fig. 10.11a). On average, the number of clear days in Poland
amounts to 32 days. The highest number of clear days occurred in the Subcarpathian
region: in Tarnów there were 43 such days a year and a slightly lower result was
noted in Sandomierz—nearly 40. Both the Polish Uplands and the Carpathians Mts.
are also regions where the sky without clouds or with low levels of cloudiness can
often be observed: 32–34 clear days a year, on average. More than 30 such days
are recorded in the western part of the Lakelands and Coastlands (Świnoujście and
Słubice: 33–34 clear days annually) as well as in the central part of the Lowlands
(Wieluń—35 cases, Opole—32 cases). Generally, western Poland, except for the
aforementioned regions, is characterised by a lower average annual number of clear
days (less than 30 cases a year) than the rest of the country. The Karkonosze Mts. is
the region with the lowest annual number of clear days—25, on average.

On the whole, the sky over Poland usually becomes clear in spring. However,
this is true especially for areas by the Baltic Sea and at lower altitudes, in general.
In the Uplands and in the upper part of Odra River basin, the maximum number of
clear days is usually recorded in autumn. In the Subcarpathians, the number of clear
spring days equals the number of such days observed in autumn. In the high-mountain
regions, the highest number of clear days is recorded in winter.

In spring, the number of clear days amounts to 9, on average. Clear days are
usually the most frequently noted in the coastal region (from 10 days in Kołobrzeg to
12 days in Hel and Świnoujście). The eastern part of the Lakelands is also clear—on
average 10 such days a year are recorded there in spring. From9 to 10 clear days occur
in the Uplands and Lowlands of eastern Poland while in the Subcarpathians—11. In
the low-mountain regions (the Beskidy and Sudety Mts.; excluding the Karkonosze
Mts.) from 6 to 8 clear days are noted in spring, while in the highest mountains (the
Tatra Mts. and above-mentioned Karkonosze Mts) only 5.
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Fig. 10.11 Variability and change of annual number of clear days: mean values (1951–2018; %; a),
coefficient of variability (%; b), absolute trend for the whole period (1951–2018; %/10y; c), relative
trend for the whole period (%/10y; d), absolute trend for the first half of the period (1951–1984;
%/10y; e), relative trend for the first half of the period (%/10y; f), absolute trend for the second
half of the period (1985–2018; %/10y; g), relative trend for the second half of the period (%/10y;
h). Statistically significant (0.05) trends were shown in (c, e, g) as circles
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The Subcarpathian region is the one where the largest number of clear days is
recorded in summer: 11–12 cases on average in Tarnów and Sandomierz. In the
coastal areas, at least 9 clear days occur in summer and this number reaches up to 12
in Hel. In most of the country, approximately 8–9 clear days are recorded in summer,
yet in the Lakelands there are usually only 6–8 such days (for instance, only 6 clear
days in summer are observed in Piła and Chojnice). The lowest number of clear
days are noted in the mountains (approx. 5 cases in the Tatra Mts., 3 cases in the
Karkonosze Mts.). The mean seasonal number of clear days amounts to 8 days.

The numbers of clear days in autumn and winter amount to 8 and 6, respectively.
In autumn, the lowest number of clear days is recorded in northern Poland, especially
in the coastal areas—only 6 cases by the Gdańsk Bay (Gdynia and Hel), 6–7 cases in
the remaining coastal areas, with the exception of Świnoujście, where 8 clear days are
recorded. In the Lakelands, the number of clear days in autumn is also low, no more
than 7–8 days, and, in the case of stations located at higher altitudes (Chojnice), only
6 clear days are noted. In the Lowlands, at least 8 such days are recorded in autumn
and in the Uplands at least 9–10. In the Subcarpathian region, around 11–12 clear
days occur in autumn. However, this number is slightly lower in the Karpaty Mts. In
the Sudety Mts., only 7–8 autumn clear days are recorded and 6 in the Karkonosze
Mts.

Furthermore, only 3 clear days are noted in winter in areas by the Gulf of Gdańsk.
In the remaining coastal regions, about 4–6 cases are usually recorded. In the Lake-
lands, 5–6 clear days occur in winter. Further to the south, this number increases—in
the Lowlands of western Poland and in the Uplands from 6 and 7 cases are noted.
In the Lowlands of eastern Poland, only 5–6 clear days are noted in winter. The
Carpathians can be divided into several parts: in the eastern one, 7 clear days are
recorded. There are 9 cases in the western part and 12 in the Tatra Mts. In the
Karkonosze Mts., 9 winter clear days are usually recorded.

Both large year-to-year fluctuations and long-termdecreases in the number of clear
days are common phenomena in Poland (Fig. 10.11b, c). The coefficient of variation
is between 30 and 40% and it increases from east to west, which is especially visible
in the Sudety Mts., where the value of this coefficient is the highest. This value is the
lowest in the Subcarpathians and in the Lakelands of eastern Poland. In the country
as a whole, with the exception of three small regions, the number of clear days is
decreasing considerably. A vast majority of the analysed data series are characterised
by statistically significant decreases. The pace of decline is 3 days/10y, and the
Uplands is the region with the highest value of this rate. The only exceptions include
data series taken from the stations in Kołobrzeg, Suwałki and Tarnów. In the case
of Kołobrzeg and Suwałki, statistically significant increases in the number of clear
days can be observed. Taking the relative scale into consideration, the reductions
reach up to a dozen or so percentage points (Fig. 10.11d). The frequency of clear
days decreased at majority of the analysed stations during the earlier of the two
established subperiods (Fig. 10.11e, f). Statistically significant drops in the variable
were a distinctive feature of the data series collected from the stations located in
the central and northern parts of the country. The relative drops in the number of
clear days were also considerable, reaching more than 20%. During the subperiod
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of 1985–2018, statistically significant decreases in the number of clear days were
recorded for the data series obtained from the stations located in the central and
southern parts of Poland (Fig. 10.11g, h). However, in this case, the relative scale of
the decreases is smaller than the one for the earlier subperiod.

The largest annual number of clear days in the period 1951–2018 occurred in
Poland, on average, in 1953, as an effect of a spring with an exceptionally low
level of cloudiness (particularly in the south of the country) as it was mentioned in
preceding Section Total Cloudiness. It is worth noting that summer and autumn 1953
were also among seasons with low cloudiness levels. Other years characterised by
great number of clear days were 1964 and 1982, in northern Poland also 1959. The
absolute maximum number of clear days was 89 and occurred in 1964 in Sulejów
in the central part of Poland. In the same year, 79 clear days were recorded in
Sandomierz, and in 1959, another 79 clear days occurred in Świnoujście.

The fewest clear days in Poland were recorded, on average, in 1998. It was the
smallest value of the variable at 14 stations. Additionally, at particular stations,
minima also occurred in 2001, 1977 and 2008 at 9 stations, 5 stations and another
5 stations, respectively. The smallest annual number of clear days came to only 6
cases at Śnieżka Mt. in 1998 and in Resko (Lakelands in western Poland) in 1978.

In the scale of seasons, the reduction in the number of clear days is strongly
visible in spring and summer. The spring maxima were most often recorded at the
analysed stations in 1953, 1959, 1982, 2007 and 2018. Themost frequently clear days
in spring occurred in Świnoujście in 1959 (31 cases) and Włodawa and Puławy in
eastern Poland in 1953 (29 cases). Clear dayswere the least frequent in 1970 and 1983
(at five stations there were no clear days at all in this year). In the case of summer, the
following years were especially clear: 1959, 1964, 1982–1983 (particularly 1983 as a
summer season with the clearest sky in the analysed period 1951–2018) and 1992. In
theCoastlands, clear dayswere also frequent in 1969. In theUplands inCzęstochowa,
in the summer of 1983, there were 31 clear days, which is the absolute maximum
value of the considered variable. Furthermore, in Puławy there were 30 such days
noted in the same season, and 28 clear days occurred in Hel in summer of 1968. It is
worth noting that at the same station 27 clear days were recorded also in 1959 and
1969, which underlines the exceptional position of Hel as the station with clearest
sky in the summer in Poland, most probably due to its location—at peninsula, in the
indirect vicinity of deep sea basin of Gulf of Gdańsk, which effectively reduces the
likelihood of development of clouds in summer.Atmore than half the stations, at least
one summer season with a complete lack of clear days occurred in the period 1951–
2018. Among such seasons were the summers of 1980 and 2014, and in northern
Poland in 1998. At high-mountain stations: Kasprowy Wierch Mt. and Śnieżka Mt.,
the number of such seasons reached 14 and 9 cases, respectively.

The number of clear days also decreases in autumn, yet the trend rate is lower.
This was mainly caused by the high frequency of autumn seasons with frequent clear
days in the beginning of the research period—in the 1950s (1951, 1953 and 1959)
and in 1961. What is more, a high frequency of clear days was noticeable in Poland
in 1982 and 2005–2006. The maximum numbers of clear days noted at particular
stations increases from 16 to 22 cases (in 1951 in Gdynia and in 2005 in Ustka) in
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the north to 25 cases or more in the south (27 cases in 1959 in Kłodzko, 26 cases
in Zakopane and at Kasprowy Wierch Mt., both in 1962). Again, at all 30 stations,
at least one season with the lack of clear days occurred. This situation was most
frequently recorded in autumn 1997, when at 12 stations no clear days occurred. In
winter, the number of clear days remains relatively stable throughout the research
period. However, a strong positive anomaly was observed in the 1960s and 1970s.
The high numbers of clear days occurred, respectively in 1964 and 1969 and in 1973
and 1976. Other positive, but slightly weaker anomalies of the analysed variable
were noted in 1993 and 2003. The highest maxima of the number of clear days at
particular stations were recorded at high-mountain stations—at Kasprowy Wierch
Mt. and Śnieżka Mt. In the Tatra Mts. in 1964, 30 clear days occurred during winter
and in the Karkonosze Mts. 26 clear days were noted in 1993. The lowest number
of clear days occurred in the winters of 1966 and 2013. In 1966, at 17 stations, there
were no clear days recorded. Some strictly local minima also occurred. In 1968, the
central area of the country experienced very small number of clear days, whereas in
2007 such situation occurred in the Lakelands of western part of Poland.

The presented long-term course of seasonal data series is partially reflected in
the course of annual values (Fig. 10.12). In the 1950s, there were numerous clear
days in Poland, and their annual number decreased over the next decade. Despite
the aforementioned significant increase in the frequency of winter clear days in the
1970s, a strong negative anomaly in the variable was a distinctive feature of this
decade across the country. Another visible increase in the annual number of clear
days took place in the late 1980s and early 1990s. Subsequently, the number of clear
days started to decrease systematically.

Cloudy Days

All in all, the mean number of cloudy days in Poland amounts to 157 days. Spatial
diversity of the annual number of cloudy days recorded at selected Polish stations
during the period of 1951–2018 was considerable (Fig. 10.13a). It can generally be
stated that the structure of the variable changes latitudinally. In the north, especially
in the coastal regions, the lowest values of this variable are usually recorded. In
Świnoujście, only 110 cloudy days occur, which is the lowest value recorded in
Poland. At the remaining coastal stations, the frequency of cloudy days varies from
approx. 130 days in Hel and 140 days in Ustka and Łeba to approx. 160 cloudy
days in Kołobrzeg. In the Lakelands, the number of cloudy days is higher, varying
usually from 155 to 165, with the culmination in the areas located at the highest
altitude: Chojnice—173 days and Suwałki—166 days. In the Lowlands of central
and eastern Poland, and in the areas of the Lakelands located at a lower altitude
and at a greater distance from the Baltic Sea coast, the number of cloudy days is
lower—150 cases or less. Moving south, the number of cloudy days increases again.
In the Lowlands of western Poland and in the Uplands, there are typically 160 cloudy
days a year or more. In the Subcarpathian region, the number of cloudy days is much
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Fig. 10.12 Long-term variability of the annual number of clear days in selected stations of: northern
Poland (station Hel; 1951–2018; a), western Poland (station GorzówWlkp.; 1951–2018; b), eastern
Poland (station Lublin; 1951–2018; c), southern Poland (station Zakopane; 1951–2018; d) and
in Poland as a whole (the average, e). Mean seasonal value (blue), 10-year consecutive average
(red) and line trend (black) were shown. The trend is statistically significant (0.05, in bold) in all
cases

lower, reaching 140–145 cases. In the mountains, the variable value increases again
by a dozen cases or so. In the highest parts of the mountains, the number of cloudy
days reaches nearly 200 (Kasprowy Wierch—192 days) or even more (Śnieżka—
207 days). The variability in the number of cloudy days in Poland during the period
1951–2018 is significantly smaller than the fluctuations in the number of clear days
(Fig. 10.13b). The coefficient of variation value is less than 10% in eastern Poland



252 J. Filipiak

Fig. 10.13 Variability and change of annual number of overcast days: mean values (1951–2018;
%; a), coefficient of variability (%; b), absolute trend for the whole period (1951–2018; %/10y;
c), relative trend for the whole period (%/10y; d), absolute trend for the first half of the period
(1951–1984; %/10y; e), relative trend for the first half of the period (%/10y; f), absolute trend for
the second half of the period (1985–2018; %/10y; g), relative trend for the second half of the period
(%/10y; h). Statistically significant (0.05) trends were shown in (c, e, g) as circles
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and almost 20% in Świnoujście. The rate for Świnoujście is exceptionally high as a
typical range of values for this variable in Poland is between 10 and 13%.

The seasonal frequency of cloudy days follows a simple pattern: summer is the
season with the lowest number of cloudy days (28 cases), then spring (36 cases),
autumn (41 cases) and winter when the number is the highest (52 cases).

In summer, the number of cloudy days varies from almost 20 in Świnoujście and
Hel, 21 in Ustka and Łeba to more than 30 days in the lower mountains, e.g. the
Beskidy Mts. Generally, the number of cloudy days is higher in the western parts of
the country than in the eastern regions. In the highest mountains, there are approx.
47 cloudy days observed. KasprowyWierch is the only station where there are more
cloudy days in summer than in autumn.

While in summer the lowest frequency of cloudy days is observed (with the one
already-mentioned exception), an interesting relation has been discovered between
the number of cloudy days in spring and autumn.

In the north, especially in the coastal areas, there are far more cloudy days in
autumn than in spring—at least 20% (30–35 cases in spring and 8–10 cases more
in autumn). The greater the distance from the sea, the lower the disproportion: the
number of spring cloudy days starts to grow,while the number of autumn cloudy days
remains unchanged or only slightly increases. In the Lowlands of western Poland and
in the Uplands, the number of spring cloudy days (35–40 cases) is only slightly lower
than the number of cloudy days observed in autumn (38–42). Fewer cloudy days,
both in spring and autumn, are observed in the Subcarpathians: 30–35 and 35–37,
respectively. In the Carpathians and Sudety Mts. almost the same numbers of spring
and autumn cloudy days are recorded by all stations (38–41 in the Carpathians; 38–
42 in the Sudety Mts.); except for Śnieżka—52 cloudy days in spring as well as in
autumn and Kasprowy Wierch—52 cloudy spring days and 45 cloudy autumn days.
At several stations located in the Carpathians the number of cloudy days in spring
is larger than the number in autumn. Thus, in autumn the Karkonosze Mts. are the
region with the largest number of cloudy days in Poland.

By and large, in winter the number of cloudy days in Poland is higher than in the
remaining seasons of the year. The lowest number of cloudy days (less than 50) is
recorded in the western part of the Coastlands and at some selected stations located
in western Poland in the Subcarpathians and the Carpathians. The highest number
of cloudy winter days is observed in the Lakelands: from 55 to almost 60 cases.

Similarly to the case of clear days, the annual number of cloudy days in Poland
during the period of 1951–2018 decreased at majority of the stations (Fig. 10.13c).
The decrease is especially visible in the north: in Suwałki the pace of the decrease
exceeds 7 cases/10y; in Świnoujście it is even faster—12 cases/10y. The drops are
also observed in the Subcarpathians and in the lower ranges of the Carpathians
(the Beskidy Mts.) and the fastest pace of decrease is observed in Nowy Sącz—5
cases/10y. Yet, in many analysed stations located within this region, the negative
trend is statistically significant. However, there are two regions in Poland where
considerable increases are observed. The first one is the Lowlands of western Poland
and the Sudety Mts. and the second is the central and eastern parts of the Uplands.
The pace of increase reaches 4 cases/10y in Legnica. The number of cloudy days



254 J. Filipiak

also increases in the Tatra Mts. The relative decreases or increases in the number of
cloudy days range from −10 to +3% (Fig. 10.13d).

There were a few years in the period 1951–2018 with very high annual numbers
of cloudy days. Its temporal distribution is somewhat interesting. First of all, a high
frequency of such cases was characteristic for the first three decades of the analysed
period (with maxima in years: 1952, 1958, 1962, 1966—the highest value in the
whole research period, 1970, 1977 and 1980—the second highest one). During the
next three decades, negative anomalies of the considered variable were recorded,
which means the occurrence of potentially more sunny years with relatively low
total cloud cover: 1982, 1989, 1992, 2003, 2006 and 2011. The minimum number of
cloudy days occurred in 1982. In the last decade of the analysed period, again years
with large amount of cloudy days occurred. The long-term course of the number
of days without sun (Chap. 6) confirms that 1980 was characterised by a very high
number of days without sun and, on the contrary, during 1982 the fewest number of
such days was noted.

The greatest numbers of cloudy days were noted at mountain stations: 243 days
at Śnieżka Mt. in 2016 and 223 days at Kasprowy Wierch Mt. in 2003. The smallest
number of the considered days, equalling only 49, was recorded in Świnoujście in
2003.

In winter, the drops in the number of cloudy days are observed only in the north,
yet some disparities were observed within the regions. The winter seasons of 1953,
1966, 2010, 2013 and 2018 were the ones with an exceptionally large number of
cloudy days. Particularly frequent cloudy days were in 2013, when, at greater part of
analysed stations, themaximum number of cases was recorded. In Leszno (Lowlands
in western areas of Poland) there was 76 cloudy days noted then. In Białystok and
Suwałki, 74 and 73 cloudy days, respectively occurred in 1959—in north and north-
eastern Poland, an increase inwinter cloudinesswas observed that year. In 1954, 1976
and 1984, the number of cloudy days was extremely low. Furthermore, between 1990
and 2000, a considerable decrease in the number of cloudy days occurred in Poland
with minima in the years: 1990–1991, 1993, 1997 and 2000. The fewest cloudy days
(22 cases) were recorded in Świnoujście in 2000. Overall, spring is the season when
the number of cloudy days usually considerably decreases in Poland and there are
only a few stations that do not match this pattern. Thus, the spring seasons excep-
tionally abundant in cloudy days in spring occurred in the first two decades of the
research period: 1958, 1962, 1970 and 1972. A strong maximum was recorded in
the Masurian Lakeland in the northeastern part of Poland in 1966, and the largest
amount of cloudy days was noted at mountain stations. At both locations, 71 such
days occurred—at Śnieżka Mt. in 1958 and at Kasprowy Wierch Mt. in 2017. The
lowest minimum occurred in 1953 and the number of cloudy days noted at more than
20 stations did not decrease in the subsequent years. However, it is worth noting that
cloudy days were not frequent after the beginning of the current century. Minima
occurred in 2007, 2011 and 2018, which means that the spring seasons of the twenty-
first century have been rather sunny.Among the considered stations, the lowest values
of the variable are characteristic at coastal stations. The cold water of the Baltic Sea
in the spring effectively limits the development of clouds in this region. The minima
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recorded at coastal stations did not exceed 20 cases in spring: seven cloudy days in
Świnoujście in 2011, 13 such days in Hel in 1990 and 14 days in Łeba, also in 1990.
In Ustka in 1974, only 15 cloudy days occurred. In summer, the number of cloudy
days decreases in Poland. The coast and Lakelands are among the regions where the
drops are considerable. Thus, during the first half of the research period, the high
frequency of the seasons with a large number of cloudy days occurred in Poland:
1960–1961, 1974, 1980–1981 and 1985. In 1980, the lowest number of cloudy days
occurred at 34 stations. AtKasprowyWierchMt., 74 cloudy dayswere then recorded.
However, in the summer of 1974 at Śnieżka Mt., an even larger amount of cloudy
days was noted—79 cases. Since the 1980s, the negative anomalies of the variable
frequently occurred: 1982–1983, 1992, 1994, 2003 and 2015. The summer of 1992
was characterised by a particularly low number of cloudy days at half the stations.
At stations located in the Coastlands and Lakelands of eastern Poland, less than 10
cloudy days were then noted. In 2003 in Świnoujście, only four such days occurred.
In autumn, the number of cloudy days decreases only in northern Poland. The decade
of 1950s was characterised by a great multi-year variability in the number of cloudy
days in Poland. In 1951, 1953 and 1959 a very low number of cloudy days occurred in
Poland, whereas in 1952 and 1958 this number rose considerably. Absolute minima
and maxima occurred year by year—in 1951 (minimum) and in 1952 (maximum).
In autumn of 1952 at Śnieżka Mt., 73 cloudy days, 69 such days in Płock and 68
in Warsaw were recorded. Other negative anomalies in the amount of cloudy days
occurred in 1982, 2005–2006 and 2011. In autumn of 2003, only 8 cloudy days
occurred in Świnoujście. On the whole, substantial increases were noted in 1978,
1996 and 2017. Additionally, in the Coastlands the autumn of 1993 was also very
cloudy.

The first subperiod (1951–1984) was characterised by a relatively low number
of drops in the variable (including some statistically significant changes recorded
at four stations) and by some more increases (statistically significant at 10 stations)
(Fig. 10.13e). The number of cloudy days decreased mainly in the south, including
the Subcarpathians. In turn, in western Poland and at several stations located in the
Uplands, the analysed variable increased. Nonetheless, the relative changes in the
variable were rather unnoticeable (Fig. 10.13f).

During the second subperiod (1985–2018), the pace of the increase in the number
of cloudy days was visibly faster in the whole country (Fig. 10.13g). At the majority
of stations, the number of cloudy days systematically increased. It is particularly
visible in the upper part of Odra River basin: more than 10 cases/10y. The number of
cloudy days also increased in the Subcarpathians and in Elbląg in northern Poland. In
western Poland, the variable decreased, which was especially visible in Świnoujście.
The range of relative changes strongly relates to the highly diversified absolute values
and it varies from −12 to 8% (Fig. 10.13h).

The long-term analysis of changes in the number of cloudy days recorded by the
selected stations in Poland showed that this variable is diversified (Fig. 10.14). In the
north, the number of cloudy days was rather high from the beginning of the research
period until the 1980s. However, there was a short-term drop in the variable recorded
at the stations located in the Lakelands in the late 1960s and early 1970s. In the central
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Fig. 10.14 Long-term variability of the annual number of overcast days in: northern Poland (station
Hel; 1951–2018; a), western Poland (station GorzówWlkp.; 1951–2018; b), eastern Poland (station
Lublin; 1951–2018; c), southern Poland (station Zakopane; 1951–2018; d) and in Poland as a whole
(the average, e). Mean seasonal value (blue), 10-year consecutive average (red) and line trend
(black) were shown. The trend is statistically significant (0.05, in bold) in (a) and not significant in
(b–d)

part of the country and in the south, there were short-term increases in the 1970s. In
the late 1980s and early 1990s a strong negative anomaly of the variable value was
observed. At the beginning of the twenty-first century, the number of cloudy days in
Poland increased again and now it is relatively stable at the majority of the stations.



10 Change of Cloudiness 257

Cloud Type

While analysing spatial and temporal variability of cloud type, i.e. cloudiness divided
into 10 cloud genera, it is important to be aware of the fact that data series obtained
from visual observations conducted at synoptic stations are imperfect. Occurrence
frequency of a particular genera of clouds is largely affected by actual possibilities
of its observation. It is a significant hindrance in the case of medium- and high-
level clouds, as they may be obscured by some low-level clouds. Any clouds may
be obscured by a thick layer of fog. Moreover, the specific coding requirements
for synoptic observations, however, designed to give an optimum characteristic of
cloudiness, may partially limit the possibility to register all genera of clouds that are
present in the sky at a particular moment. Another impediment is the way the data are
coded at some stations.AlthoughNationalHydrological andMeteorological Services
provide trainings on proper methods of observing and recording cloudiness, there
are still cases when some observers use techniques learnt from their predecessors,
frequently their teachers. The above-mentioned situation does not apply to the way
particular genera of clouds are recognised, but rather to the way of their subdivision
into species and varieties, as well as classification in terms of coding them to report
the specific state of the sky.

The data series obtained from 25 stations were analysed according to the method-
ology described in Chap. 3. The analysis made it possible to calculate the frequency
of all ten cloud genera with a reference to the number of observations at particular
levels.

On the assumption that has already been mentioned, frequency (in per cent) of
low-level clouds was determined with regard to the number of their observations and
the fact that in some cases the weather conditions made it impossible to carry out
observations. The percentage of such cases varies from almost 0.4% in Ustka and
Warszawa, 0.6% in Hel, Świnoujście, Białystok, Wrocław, Lublin and Rzeszów to
2% inKoszalin, GorzówWielkopolski, Kielce andZakopane. At two other stations—
in Zielona Góra and Chojnice, the weather conditions made it impossible to iden-
tify low-level clouds in 4% (Zielona Góra) and 5% (Chojnice) of all observations.
Typically, results of low-level clouds observations are unsatisfactory in 1.4%of cases.

Medium-level clouds are not visible in less than 30% of all observations made at
stations located in the Coastlands, Lowlands and Uplands (e.g. Ustka, Świnoujście,
Warszawa, Wrocław and Kraków), while at the stations located in the Lakelands
(Suwałki and Chojnice) and in the Carpathians (Zakopane and Lesko) these genera
of clouds are invisible in more than 40% of all observations. The average for all the
stations is 35%.

Świnoujście is a station where high-level clouds are well observable—in only
39% of cases these genera of clouds were not visible. At the remaining stations,
except for ones located near the large civil airports (Warszawa and Kraków), the
percentage of observations during which it was impossible to record any high-level
clouds varies from 47 to 52%. In Warsaw and Kraków, it was approximately 42%.
The average for all the station is 49%.
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Stratocumulus is the most frequently observed cloud in Poland (Fig. 10.15a),
especially at stations located in the regions with diverse orography and at high alti-
tudes (in the Lakelands, Uplands and in the mountains). There, the Stratocumulus
frequency exceeds 40% of all observed low-level clouds. On the coastline, this genus
of clouds is observed with a frequency lower than 33%. In the remaining regions
of the country, the frequency of Stratocumulus reaches approximately 33–35% or
more. By and large, the frequency of Stratocumulus in Poland is 40%.

Cumulus is the second most frequently observed low-level cloud in Poland
(Fig. 10.15b). On average, Cumulus is observed in one of every five observations of
the sky in Poland. The highest frequency is recorded in the Coastlands—from nearly
20% in Kołobrzeg to more than 30%, with a maximum in Hel (33%). However, at
several stations located inland (GorzówWlkp., Suwałki and Kraków), the frequency
of Cumulus decreases to 15% of the observable low-level clouds and then towards
the south it increases again reaching 20% in Lesko (the Carpathians). In Zakopane,

Fig. 10.15 Variability of annual average daily per cent of observations in Poland (1966–2018) for
selected cloud genera: Stratocumulus (a), Cumulus (b), Altostratus (c) and Cirrus (d)
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at the foot of the Tatra Mts., the frequency of Cumulus within the observations of
low-level clouds is 30%.

When it comes to the structure of low-level cloudiness, both aforementioned
stations share another distinctive feature—the lowest frequency of another low-level
cloud, Stratus, across Poland: only 8% in Zakopane and 12% in Lesko. At the stations
located at a lower altitude, this variable fluctuates between 13 and 17%, while in the
Coastlands it reaches nearly 20%. The average for Poland is 15%.

Cumulonimbus, characterised by extensive vertical development, is the last anal-
ysed genus of low-level clouds. Spatial distribution of Cumulonimbus occurrence
is highly diverse. In the Coastlands, it is observed in 6% of all cases in Hel and
11% in Ustka. In the Lakelands and Lowlands, the frequency varies from 5 to 7%
(Poznań, Warszawa, Wrocław, Suwałki) to 13–14% (Olsztyn and Chojnice). In the
Uplands, Cumulonimbus is observed once in every 9–10 cases, yet its frequency in
Kraków is only 4%. At the stations located in Subcarpathians and the Carpathians,
its frequency is highly diversified. In Rzeszów, it is 7%, in Zakopane—4%, while in
Lesko it reaches 15%.

The analysis of long-term occurrence frequency of particular genera of low-level
clouds in Poland during the period of 1966–2018 revealed a strong, statistically
significant increase in the occurrence of Stratocumulus,Cumulus andCumulonimbus
(Fig. 10.16). As for the first listed genus, the increase is relatively stable and evenly
spread over time. Both convective clouds were particularly often observed at the
end of the previous century and during the first decade of the twenty-first century.
Nowadays, the above-mentioned clouds are observed less frequently. The number
of Stratus observations in terms of the whole research period also declined and the
pace of this decline was rather uneven. After a period of a higher Stratus frequency
lasting until 1980, there was a fast decline observed with minima in the 1980s and
the 1990s. During the last few years, Stratus has been observed more frequently.

The average annual prevalence ofmentionedgenera of clouds in individual regions
is very consistent for the Cumulus cloud. In the case of other low-cloud genera,
some regional discrepancies can be observed. The reported dramatic increase in the
frequency of the Cumulonimbus in the late 1990s was particularly evident in the
coastal mountain foothill regions and in the mountains, whereas the other regions
were characterised by a more stable course of cloud occurrence. In the case of the
Stratocumulus, only a slight increase in its frequency was found at mountain stations.
At stations located in the Coastlands, the minimum frequency of Stratus was shifted
to the second half of the 1980s and the beginning of the 1990s, whereas at stations
located in the Lakelands, there was relative stabilisation of the occurrence of this
cloud.

The structure of medium-level cloudiness is dominated by Altocumulus clouds.
They are observed in 21% of all cases, yet their frequency is substantially diver-
sified. Altocumulus is most frequently observed in the sky over stations located in
the Lowlands and in the south of Poland, with the exception of the Carpathians.
Thus, the maximum frequency was recorded in Wrocław (36%), Zielona Góra and
Warszawa (31%), and Kielce (28%). At the remaining stations of those regions, the
frequency does not exceed 25%. In the mountain region, Altocumulus is usually
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Fig. 10.16 Long-term variability of annual average daily per cent of observations in Poland
(1966–2018) for low-cloud genera: Cumulus (Cu, a), Cumulonimbus (Cb, b), Stratocumulus (Sc,
c) and Stratus (St, d). Mean annual value (blue), 10-year consecutive average (red) and line trend
(black) were shown. The trend is statistically significant (0.05, in bold) in all cases

observed less often (Zakopane—nearly 17% and Lesko—13%, however, in Jelenia
Góra in the foothills of the Karkonosze Mts., this value reaches 25%). In the Coast-
lands, Altocumulus represents from 11% (Hel) to 23% (Ustka) of all medium-level
clouds observations. However, the lowest frequency is observed in the Lakelands:
from almost 10% in Suwałki and 12% in Olsztyn to 20% in Toruń and 24% in
Koszalin (located in the Lakeland region but very close to the coast).

The two remaining genera of medium-level clouds, Altostratus andNimbostratus,
are not frequently observed in Poland (their aggregated frequency of occurrence does
not exceed the value for Ac).

On the whole, the number of the Altostratus observations seems to be declining
from west to east (Fig. 10.15c). Nevertheless, its occurrence frequency is spatially
diversified. In most cases, in the west of the country, the frequency of Altostratus is at
least 7%, and in the east it is usually approx. 5–6%. Altostratus is often observable at
the coastal stations (nearly 11% in Ustka, more than 6% in Świnoujście and Hel), but
there are other three stations where the frequency of Altostratus exceeds 10%. They
are: Koszalin,Wrocław (located in the Lowlands ofwestern Poland) andKielce in the
Uplands. At a few stations located in the east, less than 7% of Altostratus frequency
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occurred, e.g. in Lesko and Suwałki it was less than 4%. The average value for the
whole country is 7%.

The last analysed medium-level cloud with extensive horizontal and vertical
development is Nimbostratus. Its frequency is even lower than the one calculated
for Altostratus—approximately 4%. When it comes to spatial diversification, the
Nimbostratus frequency varies from 2% in Zakopane and Jelenia Góra (both located
in the foothills of the highest mountain ranges in Poland: the Tatra Mountains and
KarkonoszeMountains) to almost 6% at some stations located in the north: Koszalin,
Białystok and Suwałki. In the Coastlands, the frequency reaches 5% (Ustka and
Świnoujście). The same value of this variable was recorded in the Lowlands, in
Warszawa and Opole. In the remaining regions, observations of this cloud genus
represent approx. 4–5% of all medium-level clouds observations and even less (3%)
in the Uplands.

The structure of medium-level cloudiness in Poland during the period of
1966–2018 was affected by some statistically significant, long-term changes. The
number of observed Altostratus and Nimbostratus systematically decreased over-
time (Fig. 10.17a, b, respectively). They were observed much more often in the late
1970s and early 1980s, and then the number of observations dropped, though, since

Fig. 10.17 Long-term variability of annual average daily per cent of observations in Poland (1966–
2018) for middle cloud genera: Altostratus (As, a), Nimbostratus (Ns, b) and Altocumulus (Ac, c).
Mean annual value (blue), 10-year consecutive average (red) and line trend (black) were shown.
The trend is statistically significant (0.05, in bold) in all cases
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the beginning of the twenty-first century, this negative trend has not been as strong as
it used to be. Altocumulus was observed more frequently in the research period, but
not systematically (Fig. 10.17c) and not during the first part of the analysed period.
Its frequency began increasing rapidly in the last decade of the twentieth century.

Regional trends do not usually follow the average pattern determined for thewhole
country. In the case of Altostratus, a positive trend was observed in the Coastlands
after a minimum had been recorded in the second half of the last decade of the
former century. Moreover, the frequency of the same cloud decreased much faster at
the stations located in the Subcarpathian region than at the others. In the mountains
and in the Subcarpathians, Altocumulus formed differently than in the rest of the
country. The Altocumulus frequency in the mountains was almost the same at the
beginning and at the end of the analysed period. However, a clear minimum was
recorded in the 1980s and 1990s. At the stations located in the Subcarpathian region,
there was no strong positive trend observed. The regional frequency of Nimbostratus
more or less reflects the national pattern.

The most often observed high-level cloud in Poland is Cirrus, which represents
17% of all observations of high-level clouds in the country. Spatial diversification
of the Cirrus frequency does not present any distinctive features (Fig. 10.15d). In
central and eastern Poland, it is observed as often as the average for thewhole country.
In the west and north, the variable is much more diversified, even at neighbouring
stations. The lowest frequency was recorded in Chojnice, the most elevated station in
the Lakelands, where Cirrus observations represented only 10% of all cases. Other
stations where this genus of cloud is observed relatively seldom (13–15% of all
observed high-level clouds) are as follows: Świnoujście (in the Coastlands), Gorzów
Wlkp. (in the Lakelands) and Jelenia Góra (foothills of Karkonosze Mts.), all of
which are located in western Poland. In Ustka (in the Coastlands), the frequency
reaches approx. 20%, and in Poznań and Wrocław (the Lowlands in the west of
Poland), the Cirrus observations represent almost a quarter of all cases (22.5% in
Wrocław).

Cirrostratus is the second most frequently observed high-level cloud with the
average frequency of almost 7% across the country, although this value decreases
from thewest to the east of Poland. The frequency exceeds 10%at the stations located
more westward: in Koszalin, Chojnice, Kalisz and Jelenia Góra (e.g. in Zielona Góra
it reaches approx. 15%) whereas in the east there is only 2–4% (Warszawa—2%,
Białystok and Suwałki—3%, Olsztyn—4%) However, in Kielce and Lublin, located
in the Uplands, this variable reaches the value of 11–12%. Cirrostratus is often
observed also in the mountains—11% of all observations of high-level clouds are
recorded in Zakopane. In Rzeszów, in the Subcarpathians, it is a rarely observed
genus of clouds (0.7% of all cases).

Cirrocumulus is most certainly the rarest high-level cloud observed in Poland. Its
average frequency in Poland is less than 1% and it is the lowest on the coast; this
value increases at stations located at higher altitudes.

The occurrence frequency of all three genera of high-level clouds has been system-
atically increasing in Poland (Fig. 10.18). The analysis showed that the minimum
frequency of high-level clouds was recorded in the late 1980s and early 1990s (a bit
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Fig. 10.18 Long-term variability of annual average daily per cent of observations in Poland (1966–
2018) for high cloud genera: Cirrus (Ci, a), Cirrostratus (Cs, b) and Cirrocumulus (Cc, c). Mean
annual value (blue), 10-year consecutive average (red) and line trend (black) were shown. The trend
is statistically significant (0.05, in bold) in all cases

faster in the case ofCirrus). Then, after 1995, bothCirrus andCirrostratus started to
be observed more often. In the case of Cirrocumulus, the positive trend has slowed
down since the beginning of the current century.

The average annual frequency of Cirrus is more or less the same in all analysed
regions. In the case of Cirrostratus, its frequency different from the average is found
on the coast. At the stations located by the sea, the Cirrostratus frequency was in
line with the average only at the beginning of the analysed period, then the frequency
dropped (while it increased in other regions) and increased again until the late 1990s.
Afterwards, it continued to decrease during the last ten years of the analysed period.
As for the Cirrocumulus frequency, a substantial growth was recorded at the stations
located in the Lowlands in the 1990s. In the Lakelands, there was a stable increase
recorded, whereas in the mountains the variable was highly diversified.
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Discussion and Conclusions

The mean annual cloud cover in Poland in the years 1951–2018, calculated on the
basis of data from57 stations distributed relatively evenly throughout the country,was
68.2%. The maximum value equal to 73%was recorded in 1966, while the minimum
value of nearly 61% occurred in 1982. There is a noticeable spatial variation in the
value of the element at individual stations and regions. For example, the mean annual
total cloudiness amount ranges from64% in theCoastlands to 76% in theKarkonosze
Mts.

The course of cloud cover throughout the year in Poland is also varied. The lowest
level of cloudiness occurs in summer and the largest in winter. Between both seasons
there is a difference in cloud cover of about 15–20%. Cloudiness in spring is lower
than in autumn. In general, in spring and summer, cloudiness amount decreases
eastwards. In autumn and winter, the total cloudiness amount increases towards the
north of the country. However, the western part of Poland is more cloudy than the
east of the country.

Based on the results of this study, it can be concluded that at the greater part of
analysed stations the cloud cover did not change considerably and such observations
on the long-term cloudiness variability at least up to the year 2000 are consistent
with the results of other authors. In the analyses byWarren et al. (2007) and Eastman
and Warren (2013) covering the period from 1971 to the first decade of the twenty-
first century, Poland is an area of a continuing decline in cloudiness. Wibig (2008)
indicated a significant decrease in cloudiness in the city of Łódź in central Poland
in the second half of the twentieth century. Similar conclusions were reached by
Żmudzka (2005), also in relation to the cloudiness over Poland in the period 1951–
2000, and Filipiak and Miętus (2009), characterising total cloud cover in Poland in
the years 1971–2000. However, in the most recent period, up to 2018, a decrease
in mean annual cloudiness is still proceeding, but only in the northern part of the
country. In the south, the increase of the cloudiness is observed and the process
has been advanced in the later part of subperiods analysed in this study, 1985–
2018. According to Matuszko (2003) and Lewik et al. (2010), cloudiness in Kraków
increase from 1983 onwards.

Statistically significant changes in the cloudiness amount in particular seasons in
the period 1951–2018 are present only at a few stations in Poland, mostly located
in the southern and southwestern parts Poland. More extreme changes are found
by applying the analysis of the long-term variability of cloudiness in subperiods:
1951–1984 and 1985–2018. In case of winter, it can be observed the significant
differentiation of both periods in terms of signs of trend coefficients of cloudiness
in the country. While during the first subperiod cloudiness decreased, in the second,
the trend completely reversed and a substantial, statistically significant increase in
cloudiness was observed with the coefficient growing towards the south. More than
10 stations recorded a statistically significant change in cloudiness in spring in the
period of 1951–1984, and the observed trends in the south were stronger than in the
north. In the later subperiod, the observed trend is reversed. A few stations located
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in eastern Poland and in the highest parts of the Carpathians recorded statistically
significant changes of cloudiness in summer in the years 1951–1984. In the period of
1985–2018, the decrease in cloudiness dominated in the country. The cloudiness in
autumn slightly increased at themajority of stations inPoland in the years 1951–1984.
After 1985, at a majority of stations, increases in cloudiness were observed.

Another important feature of the cloudiness conditions in Poland is related to
the variability of the characteristic nephological days. In general, cloudy days are
much more frequent in Poland than clear ones. They are most often observed in
the Lakelands, where they constitute up to 160 days or more a year. There is a
particularly strong contrast between the Lakelands and the Coastlands, where the
discussed cases constitute on the average about 140 days or less. The number of clear
days is decreasing considerably across the country, while in case of cloudy days, such
negative changes concern only selected stations in the north, the Subcarpathians and
lower ranges of the Carpathians. According to Żmudzka (2012), the number of both
types of analysed characteristic nephological days declined in the period 1966–2000.
Moreover, the pace of the decrease in the annual number of cloudy days was greater
than in case of clear days, and this rate was particularly considerable in the case of
winter. Matuszko (2007) commented on the course of the number of characteristic
nephological days in Kraków in the twentieth century, which is closely related to the
course of the cloud amount.

The above-mentioned situation is influenced by the fact that cloudiness is a mete-
orological element of complex origin and strongly related to other meteorological
variables. However, many authors underline the key role of atmospheric circula-
tion in shaping nephological conditions (Żmudzka 2003, 2004a, b, 2007; Matuszko
2003, 2009; Filipiak and Miętus 2009; Matuszko and Pluta 2012; Matuszko and
Węglarczyk 2018). As with other elements (such as temperature or precipitation,
Miętus and Filipiak 2001, 2002), its role increases in the cold season. As Filipiak
(2012) reported, the results of the analyses of the influence of regional atmospheric
circulation on the variability of the averagemonthly cloudiness demonstrated a strong
relationship between the development of clouds and the properties of the inflowing
air masses, as well as the characteristic weather features in baric systems. It was also
clearly proved that characteristic properties of cloudiness in the months of the cool
half of the year are largely determined by the character of the atmospheric circu-
lation. However, in the warm half of the year, a more important role is played by
the processes of thermal convection. Żmudzka (2004a, b, 2007, 2012) emphasised
that the decrease in cloudiness is caused by anticyclonic systems with meridional air
inflow—in the cold half of the year from the south, and in the warm mainly from the
north—while the high frequency of cyclonic systems is conducive to the increase in
cloudiness. Moreover, the trends of changes in the amount of cloudiness over Poland
correspond with changes in macro-scale circulation conditions (so-called circula-
tion epochs). Even up to 80% of changes resulting in variance in cloudiness results
directly from atmospheric circulation. Her findings were partially proved by Szyga-
Pluta (2015) in the study describing circulation influence on cloudiness in the city of
Poznań. According to Henderson-Sellers (1986) the mentioned long-term decrease
in cloudiness in Central Europe up to the beginning of 1980s was directly dependent
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on the circulational conditions and particularly in the higher than usual frequency of
radiative weather associated with baric highs. The evidence on the strong relation-
ship between cloudiness in Kraków and North Atlantic Oscillation was presented by
Lewik et al. (2010).

The key role of regional atmospheric circulation in shaping the described element
means that themean annual cloud amount in Poland does not differ significantly from
the values recorded in neighbouring European countries and in the entire Baltic Sea
basin (Henderson-Sellers 1986;Miętus 1998; Tuomenvirta et al. 2000; BACC 2008).
This regional climatic factor may also explain why relatively high amount of clouds
in Poland can be observed. It is perhaps related to the effect of the Atlantic Ocean,
the source of humid masses of maritime polar air, prevailing throughout almost the
whole year in Poland. When this type of air mass flows into the country, there is a
characteristic increase in cloudiness.

Despite this fact, it should be highlighted that regional atmospheric circulation is
not the only factor shaping the variability of the cloudiness in Poland. An important
role in this case is also played by processes on a local scale. The diverse relief of
the Lakelands of western Poland, situated on the route of the inflow of mentioned
humid maritime polar air masses into Poland, may be a good example of how the
local conditions maymodify the level of cloudiness. It constitutes a factor favourable
for the development of cloudiness. Mountains are another example which illustrates
the influence of local factors affecting the formation of clouds. Orography greatly
influences the dynamic and thermal conditions in this area, causing the intensification
of turbulent fluxes and the development of local dynamic convective movements
(Trepińska 2002). According to Szyga-Pluta (2017), who described the variability
of cloud cover in the Sudety Mts the increase of cloudiness is, in general, observed
with an altitude as it can be seen at Śnieżka Mt. However, there are some specific
conditions related to the occurrence of anticyclonic circulation in autumn and winter,
when the thermal inversion may develop in the valleys, leading to the reverse of the
cloudiness field over the mountains and its foothills. Thus, cloud cover may develop
at a lower altitude, below high parts of the mountains, which remain very clear. This
situation, observed mostly in the cold half of the year, with the maximum in January
and least frequently from May to July, explains why mountain stations are the most
clouded places in Poland in summer and spring and not in winter. Moreover, the
number of clear days in winter recorded at Śnieżka Mt., and especially at Kasprowy
Wierch Mt., are the greatest in Poland.

It is worth noting that observations of cloudiness are conducted at stations usually
located in cities. Thus, the variability of the analysed element is also influenced by
factors related to the development of the city—its territorial and industrial devel-
opment, anthropogenic heat emission, change in land use, or increased presence of
aerosols above the urban area. Morawska-Horawska (1985) and Matuszko (2003) in
the analyses of the variability of cloudiness over Kraków, drew attention to the impact
of the urban environment in shaping the variability of nephological conditions. One
of the aspects of the city’s impact may be, in their opinion, the fact that economic
activity is conducive to, inter alia, drying the atmosphere over urban areas and the
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associated decrease in air humidity, which in turn hinders the development of cloud
cover.

Filipiak (2003) and Limanówka et al. (2012) studied the character and rate of
changes of selected hygric elements at 10 selected stations in northwestern Poland in
the years 1951–2000 and more than 50 stations in Poland in 1966–2008. Both anal-
yses revealed that long-term relative air humidity decreases dominate both annually
and seasonally in the analysed periods. Overall, the air dried out the most in spring.
A less dynamic decrease in the value of the element is also observed in summer. In
autumn and winter, situations of long-term growth in the value of the element are
markedly more frequent than in the above discussed two seasons. In winter, in 10
series of more than the 50 analysed, the changes are statistically significant. In the
case of water vapour pressure, the value increases during 1966–2008, particularly in
winter. In spring and summer, the changes are not so dramatic, but above themajority
of the country, an increase in the value of the element can be observed. In autumn
the changes are the weakest, but positive trends also predominate in long-term water
vapour pressure changes. Therefore, long-term changes of hygric elements favour the
increase in precipitable water in the atmosphere, but the decreasing relative humidity
may limit the development of clouds.

Another interesting aspect of cloudiness analysis concerns cloud type. Its spatial
variability and temporal changes have been analysed bynumerousPolish authors over
the last few decades. Warakomski (1962) found that the most frequently recorded
cloud genera in Poland are Stratocumulus and Altocumulus. Both clouds show the
largest regional differences in the frequency of occurrence. They are most frequent
in southwestern Poland, whereas convective clouds Cumulus and Cumulonimbus
occur most often over the northeastern part of Poland. Nowak (1971) compared the
incidence of Cumulus and Cumulonimbus clouds in Gdańsk and Kraków in 1961–
1965, finding convective clouds more frequent in Gdańsk due to the effect of breezes,
and in Kraków the relation of occurrence of both clouds to the thermal convection.
Szyga-Pluta (2002) concluded that Stratocumulus, Altocumulus and Cirrus clouds
were the most common in northwestern Poland in 1971–1990, while the other high-
level clouds were the rarest. A long-term increase in the number of cases of Cirrus,
Altocumulus and Cumulus clouds, and a decrease in the number of Cirrocumulus,
Cirrostratus andCumulonimbus clouds was also detected. According toMiętus et al.
(2003), in Hel in the second half of the twentieth century, there is a rise in convective
clouds, accompanied by a decrease in the incidence of Stratocumulus, Stratus, Alto-
stratus and Nimbostratus clouds. Similar changes, expressed by a decrease in the
frequency of stratiform clouds Stratus and Nimbostratus, associated with a slightly
smaller decline ofStratocumulus and a rapid increase in cloudiness byCumulonimbus
andCumulus clouds, also occur in Łódź (Wibig 2008).Moreover, it is associatedwith
the more frequent occurrence of Altocumulus and high-level clouds and the fall in
Altostratus. The study by Filipiak andMiętus (2009), related to the years 1971–2000,
confirmed that Stratocumulus, Altocumulus and Cirrus are the most frequent clouds
among, respectively the low-level, middle-level and high-level clouds in Poland, but
its percentage ranges considerably in various regions. Coastlands aremore favourable
than the interior of the country for the occurrence of convective clouds and Stratus



268 J. Filipiak

clouds. Stratocumulus clouds are the most frequent in areas with a diverse relief.
Essentially, the frequency of Altostratus and Nimbostratus clouds is similar all over
the country. On the whole, Cirrostratus clouds are the most frequent in western
Poland, while Cirrocumulus clouds are the rarest.

The observations made in this paper on the spatial cloud type variability and its
long-term changes are consistent with the findings of other authors presented above,
and constitute a logical extension of information on the variability of cloud genera
from the first decade of the twenty-first century. Some important discrepancies do
exist, however.

Stratocumulus is still the most frequently observed of all low-level clouds in
Poland, especially at stations located in the regionswith diverse orography and at high
altitudes (in the Lakelands, Uplands and in the mountains). The highest frequency of
Cumulus is recorded in the Coastlands, while in case of Cumulonimbus, it is highly
diversified, from 4% in Zakopane at the foothills of the TatraMts. to 14% in Chojnice
in the Lakelands. Stratus occurs most frequently in the Coastlands. The first three
genera of low-level clouds were observedmore andmore frequently in Poland during
the period of 1966–2018. In the case of Stratocumulus, such a conclusion is distinct
from the findings related to the twentieth century by the mentioned authors, e.g.
Szyga-Pluta (2002), Miętus et al. (2003) and Wibig (2008). However, it is Matuszko
and Węglarczyk (2018), who, in their recent paper on the long-term variability of
amount and genera of clouds in Kraków in the years 1906–2015, presented evidence
of the noteworthy increase of Stratocumulus since the 1960s. The finding on the
decrease in frequency of both convective clouds since the beginning of the current
century, after the earlier few decades of significant increase in their occurrence, is
also consistent with the conclusions presented byMatuszko andWęglarczyk (2018).
The number of Stratus observations also declined in the research period in Poland,
which was indicated by mentioned authors (Szyga-Pluta 2002; Miętus et al. 2003;
Wibig 2008; Matuszko and Węglarczyk 2018).

Altocumulus clouds dominate in the structure of medium-level cloudiness. As
Warakomski (1962) observed, it ismostly observed at the stations in the southwestern
part of Poland.Again, dependence on the diverse relief can be observed, like in case of
Stratocumulus. Altostratus and Nimbostratus, are not frequently observed in Poland.
The frequency of occurrence of Altostratus slightly decreases from west to east.
The more rare Nimbostratus is observed in 5–6% of cases maximum. The number
of observed Altostratus and Nimbostratus systematically decreased, while in case
of Altocumulus, an increase in its occurrence can be observed. These conclusions
are consistent with the results related to the earlier periods in mentioned papers.
Matuszko and Węglarczyk (2018) also reported on the considerable increase in both
middle-level stratiform clouds, but it worth noting that, in contrast to this study, the
occurrence of Altocumulus in Kraków has been declining since the beginning of the
twenty-first century.

Among high-level clouds, Cirrus is most frequently observed in Poland with a
frequency of occurrence between 10 and 22% at particular stations, but with quite
chaotic spatial distribution. Cirrostratus is observed with an average frequency of
almost 7% in the country, however this value decreases from the west to the east of
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Poland. The average frequency of Cirrocumulus in Poland is less than 1%, with the
lowest value in the Coastlands, increasing with altitude. The occurrence frequency
of all three genera of high-level clouds has been systematically increasing in Poland.
The positive trend is most pronounced in case of Cirrus. Wibig (2008) reported
on the proliferation of all genera of high-level clouds in Łódź in the second half
of the twentieth century. Alternatively, Matuszko and Węglarczyk (2018) found a
decreasing tendency for Cirrostratus in Kraków.

It is the matter of discussion why such diversified trends in the occurrence
of various genera of clouds are present in the analysed series. In the case of
Cirrus, one of the most probable explanations is related to the intensification
of the air traffic resulting in the increase in contrails transforming into Cirrus
clouds (Henderson-Sellers 1986). The occurrence of other cloud genera is asso-
ciated with the specific circulation conditions. According toWarakomski (1962) and
Matuszko and Węglarczyk (2018), the great frequency of occurrence of Stratocu-
mulus and Altocumulus clouds results from their linkage to maritime polar mass
inflow, prevailing throughout nearly the whole year in Poland, especially in the
cold half of the year. Though very high values of North Atlantic Oscillation index
occurred in the 1990s (Hurrell et al. 2003) resulting in the rise in advection of humid
maritime polar masses, a positive anomaly in the long-term variability of Stratocu-
mulus and Altocumulus occurrence corresponding to it can be observed. However,
in the course of Altocumulus occurrence, a positive anomaly can be observed in
the 2010s when very high values of NAO index occurred again (Deser et al. 2017).
Current global climate change manifested in the rise of surface temperature may
create conditions favourable to the more frequent occurrence of convective clouds.
On the contrary, a decrease in relative humidity may limit such development. It
may prove that the coupling between the occurrence of the particular cloud genera
and circulation patterns is non-linear. Additionally, the opinion by Matuszko and
Węglarczyk (2018) on the correctness of visual observations which constitute the
research material is sensible. For a group of observers, it is still challenging to differ-
entiate between some genera of clouds, which may result in misleading results of
any analyses of the occurrence of cloud type.

There is also an important question about the future long-term development of
cloud cover. The currently observed climate change, manifested in many ways, e.g.
in the ongoing warming of the troposphere, have significant implications for the
energy and mass fluxes between the atmosphere and the ground. Systematic changes
of the total cloud amount are associated with long-term declines or increases in the
values of a number of other climatic elements. For the area of Europe, and especially
the part located within the Baltic Sea basin, there is a positive correlation between
changes in air temperature and atmospheric precipitation (BACC 2008; BACC II
2015), at least for winter, spring and autumn. This phenomenon is consistent with
the Clausius-Clapeyron equation, whereby the mean air temperature increase of
1 °C entails about 7% increase in the potential quantity of water in the atmosphere,
including, in particular, water vapour content, the most crucial long-wave radiation
absorbent. The consistency of the nature of temperature and precipitation changes is
primarily of advection origin. In summer, the presence of water in the atmosphere
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is to a lesser degree determined by the advection factor in favour of local processes,
which also significantly influence cloudiness (Numaguti 1999). A decrease in daily
temperature amplitude, observed in the majority of areas on the planet, is connected
with an increase in total cloudiness degree (Karl et al. 1993; Zhou et al. 2016).
Changes in cloudiness are in turn the result of a number of meteorological processes
related to the quantity of water vapour, its condensability and thermal balance of the
atmosphere, and the associated development or inhibition of atmospheric instability
(Dai et al. 1999; Willett et al. 2010; Tobin et al. 2012). Hence, the question arises
to what extent the expected changes in cloudiness amount will be concurrent with
changes in other climatic elements.

Given the results the statistical empirical projections of climate elements of Poland
for the selected period of the twenty-first century obtained by Filipiak (2012) and
Miętus et al. (2012), it can be concluded that the most noticeable changes in cloudi-
ness, on the scale of the twenty-first century, reaching nearly 10% compared to the
years 1971–2000, will take place in summer. In light of the research of the above-
mentioned authors, it can be assumed that the progressive decrease in cloudiness will
also find its implications in the variability of other climatic elements. Although in
summer, the importance of local-scale processes, such as the effect of the ground,
or local convection, grows significantly in comparison to other seasons (Namaguti
1999), an increase in air temperature during this century, forecast by a majority of
climatologists, should be kept in mind (Boucher et al. 2013). The warming of the
lower troposphere is accompanied by changes in the value of evaporation resulting,
on the one hand, from the acceleration of the very evaporation rate, or on the other,
fromground desiccation. Sensible and latent heat fluxes intensify. Although thewater
vapour pressure increases, relative humidity decreases quite rapidly, which means
less favourable conditions for the development of cloudiness. The decrease in cloudi-
ness during the daymay lead to an increase in direct solar radiation. Considering also
strong negative correlation between cloudiness degree and maximum temperature,
an increase in the value of the thermal index should also be expected.

The expected increase in cloudiness in winter will also be conducive to systematic
warming projected by various simulations performed with selected RCMs (BACC
2008; Filipiak 2012; Miętus et al. 2012; BACC II 2015). The same simulations also
indicate an increase in precipitation totals in the coldest months of the year. The
probable reason for the changes is a combination of the process of the air warming
with the intensification of moisture flux from lower latitudes and the Atlantic Ocean
into the northern and central regions of the continent, where Poland is located. The
cloudiness increase will be consistent with the projected minimum air temperature
increase, and the presence of clouds due to the increased downward thermal radiation
will mitigate the nighttime cooling of the ground.

The reduction in cloudiness in spring is in contradiction with the increase in
temperature in the light of the suggested schemes. However, it is likely that a further
decline in stratiform cloudiness, with a simultaneous increase in convective cloudi-
ness, will continue (Wibig 2008; Miętus et al. 2003; Matuszko and Węglarczyk
2018), formed as a result of increasing insolation in spring when the sky is clear.
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The autumn changes in all the climatic elements, from temperature, to hygric indica-
tors, to cloudiness are, in turn, small enough that a certain stability of the situation,
characteristic of the described reference period, can be assumed.
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Miętus M, Biernacik D, Czernecki B, Filipiak J, Marosz M, Owczarek M, Pilarski M, Wójcik R
(2012) Statystyczno-empiryczne projekcje wybranych elementów klimatu Polski na lata 2011–
2030. In: Wibig J, Jakusik E (eds) Warunki klimatyczne i oceanograficzne w Polsce i na Bałtyku
Południowym. IMGW-PIB, Warszawa, pp 34–91

Morawska-Horawska M (1985) Cloudiness and sunshine in Cracow, 1861–1980, and its contem-
porary tendencies. J Climatol 5:633–642. https://doi.org/10.1002/joc.3370050605

Norris JR, Slingo A (2009) Trends in observed cloudiness and Earth’s radiation budget: what do we
not know andwhat dowe need to know? In: Clouds in the perturbed climate system. Heintzenberg
J, Charlson RJ (eds.). MIT Press, Cambridge, MA, pp 17–36

https://doi.org/10.1029/134GM01
https://doi.org/10.3402/tellusa.v68.29130
https://doi.org/10.1175/1520-0477(1993)074%3c1007:ANPORG%3e2.0.CO;2
https://doi.org/10.1002/joc.887
https://doi.org/10.1002/joc.5445
https://doi.org/10.1002/joc.3370050605


10 Change of Cloudiness 273

Norris JR, Allen R, EvanA, ZelinkaMD, O’Dell CW,Klein SA (2016) Evidence for climate change
in the satellite cloud record. Nature 536:72–75. https://doi.org/10.1038/nature18273
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Chapter 11
Air Temperature Change

Zbigniew Ustrnul, Agnieszka Wypych, and Danuta Czekierda

Abstract The chapter presents the results of analyses made on the basis of daily
homogeneous series of maximum, minimum, and average temperature data orig-
inating from 58 meteorological stations. Standard measures of climate variability
based on absolute values as well as on their relative measures were used. Attention
was paid to long-term trends and extreme values, including the number of days with
specific air temperature thresholds. All characteristics have been compiled for the
period 1951–2018. Changes in the average air temperature since the beginning of
their operation were assessed for three stations (Krakow, Warszawa, and Gdansk).

Introduction

In the widespread opinion of most researchers, air temperature is considered to be a
guiding element of the climate. Climate change is sometimes equatedwith and related
only to changes in air temperature. It is indeed difficult to identify any comprehensive
study on climate change where this element would not be considered. Actually, there
is nothing strange in this because it is crucial in many natural and socio-economic
dimensions. As the basic factor conditioning the functioning of the environment and
human activity, it is considered in various temporal and spatial scales using many
measures and indicators as well as research methods.

Given the above, it is difficult to point out most of the most important papers
on changes in air temperature that can be found in the world literature. Individual
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publications include research on various spatial scales from global, through regional
approaches, to those presenting the variability of this element on a local scale. Owing
to the scale of the issue and the year of publication, H. Lamb’s monumental work
Climate: Past, Present, and Future (Lamb 1972, 1977) should be considered one of
the most important studies on air temperature changes in an actually broader context.
In its second volume Climatic History and the Future (Lamb 1977), the author
presents, on examples from different parts of the world, information on changes in
air temperature. In addition to data from previous eras based on indirect data, he also
cites the results of instrumental measurements of air temperature and its changes.
The secular changes are presented on the basis of two known data series for central
England (Manley 1974) and the eastern United States based on a study by Landsberg
et al. (1968). He also makes a preliminary assessment of changes in the average
global temperature since 1870, using, among others Mitchell’s calculations (1961).
These data clearly show an increase in the average global air temperature since
the mid-nineteenth century. Another important study addressing climate change,
including primarily air temperature, is the monograph History and climate (Jones
et al. 2001). In thiswork, the authors of individual chapters, in addition to intermediate
data, present the results of analyses of instrumental temperature measurements in
selected regions of the world, in particular Europe, presenting results obtained on the
basis of new homogeneous data series. The extensive monograph by Broenimann
(2015), in which the author synthesizes knowledge about climate change and its
causes, taking into account the period of instrumental measurements, is of particular
scientific importance. In addition to the above monographs, the issues of changes
in air temperature have been the goal of many hundreds of scientific articles and
reports. They dealt with both large regions and individual climate series, which were
the basis for the reconstruction of thermal conditions of air. Examples of this type of
studies include the works of Bradley (1988), Bradley and Jones (1995), Camuffo and
Zardini (1997), Jones and Hulme (1997), Moberg and Bergstrom (1997), Camuffo
and Jones (2002), Luterbacher et al. (2004), Boehm et al. (2010), Camuffo et al.
(2010).

In addition to the above oldest works, which form the basis of research on global
temperature changes, one should mention contemporary studies that are based on a
large number of instrumental data. Some of them are based only on data in extenso,
others use data already processed into grid data. A significant number of them are
based on data from reanalyses, which are currently becoming the basis for many
climatological studies. Undoubtedly, such work may include studies by, among
others, Vose et al. (2005), Jones et al. (2012), or Osborn and Jones (2014). In all of
these works, apart from the methodological issues related to “data collection”, their
processing and generation of data series, there are synthetic conclusions regarding
temperature changes in large spatial scales. However, they are usually based on
average monthly temperature values and it is difficult to assess daily fluctuations,
including also to assess, for example, the occurrence of characteristic days.

The issue of changes in air temperature can also be considered depending on
the period covered by the analyses. Certainly, the research in these studies is based
on instrumental measurements, although in many of them one can also find the use
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of various proxy data (e.g. Bradley and Jones 1995, Brazdil 1994, 1996; Brazdil
et al. 1996, 2010). There are also numerous such works relating to Poland. Exam-
ples include studies by Bednarz (1996), Wójcik et al. (2000), Niedźwiedź (2004), or
by Przybylak et al. (2005). Among the numerous studies on changes in air temper-
ature, mention should be made of those that reach the longest measuring series in
Europe (e.g. Balling et al. 1998; Luterbacher et al. 2004), and in its individual regions
(Tuomenvirta et al. 2000, Auer et al. 2007, Bokwa et al. 2013). Studies devoted to
individual data series are also valuable from the methodological point of view. Such
studies include, among others, those by Camuffo and Zardini (1997), Demaree et al.
(2002), Jurkovič et al. (2011) or, about Poland, by Trepińska (1997), Lorenc (2000),
Filipiak (2007), Miętus (1998, 2007), and Bryś and Bryś (2010). Works based on
shorter sequences would be difficult to count, especially if they relate to specific
geographical regions. Possible examples of such studies, on a Central European
scale, can include those by Brazdil et al. (1996), Trepińska et al. (1997), Hoy et al.
(2017), Wypych et al. (2017a), or Haensel et al. (2019).

There are also numerous works devoted to the area of Poland and contempo-
rary thermal changes there. The oldest and most important studies for the area of
Poland include those by Merecki (1899), Gorczyński (1915a, b, 1916), and later by
Romer (1947, 1948/1949), which deal with specific issues of air temperature vari-
ability. Among contemporary studies on a Polish scale, works of Ustrnul (2000),
Kożuchowski and Żmudzka (2003), Cebulak and Limanówka (2007), Ustrnul and
Wypych (2011), Ustrnul et al. (2011, 2014), or Marsz and Styszyńska (2018) are
worth mentioning. When reviewing the literature, we sometimes fail to mention here
very interesting studies covering a smaller scale, i.e. individual regions or all the
more specific measurement series. Undoubtedly, some of them are important even
from the methodical point of view.

At the end of the literature review, one should also mention a number of papers
devoted to various climatological characteristics based on daily air temperature
values, which are based on average or extreme values. Analyses of the temporal
variability of the occurrence of so-called characteristic days, including tempera-
ture extremes determined taking into account various threshold values, are increas-
ingly becoming the subject of studies on a regional and local scale (Wypych et al.
2017b, c). In addition to threshold values, the analyses also use relative measures
(e.g. percentiles) and indicators the purpose of which is a comprehensive approach
(Sulikowska and Wypych 2020).

The chapter presents the results of analyses using the most commonly used
air temperature characteristics. Owing to editorial restrictions, no analysis was
performed using other measures such as day-to-day variability, amplitude, degree-
days, or the relationship with air circulation, which is beyond the purpose of this part
of themonograph. However, the usedmeasures reflect themain features of variability
and, in principle, the changes in air temperature in Poland. They coincide with the
trends observed across the entire continent and the globe.

In accordancewith the assumptions of thismonograph, the current chapter focuses
on the analysis of changes in air temperature in the period 1951–2018. However,
wherever possible, a short background of changes based on a longer time series was
presented.
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Owing to the great interest in and importance of knowledge about weather and
climate extremes that has been observed in science around the world in recent years,
it was decided to extend the analysis to include this issue. A professional approach to
it is often not easy owing to the absence of reliable and homogeneous data sequences.
The data series included in the work are fully verified and provide the basis for a
reliable assessment of the trends in the occurrence of temperature extremes. From a
number of methods used in this type of research, the probabilistic approach to exceed
certain critical values was used. Owing to the relatively large variation in climatic
conditions in Poland, the probability of occurrence of less than 10%, defined by the
10th and 90th percentile values, respectively, for the lowest and highest values of the
considered element, was adopted as the main method of determining extremes. This
means that extreme values were those found in the population of 10% of the lowest
(below the 10th percentile) and 10% of the highest (above the 90th percentile). This
approach is in accordance with the recommendations of the IPCC (2007), widely
used in numerous works in which the probabilistic method is applied.

Air Temperature Climatological Background

At the beginning, it is worth paying attention to the features of spatial diversification
of thermal conditions in Poland based on the period 1951–2018. Figures 11.1, 11.2,
and 11.3 show this diversification presenting them on the basis of average air temper-
atures as well as maximum and minimum air temperatures. The average annual air
temperature in Poland varies from below 7 °C at its north-eastern ends, to over 8.5 °C
in the south-western part of the country (Fig. 11.1). Certainly, much lower temper-
atures, which results from their vertical distribution, are recorded in the mountain
areas of the Sudetes and the Carpathians. In principle, similar spatial relationships
can be found at different times of the year. However, the meridian layout of isotherms
in the winter should be noted, which means large thermal differences between the
eastern and western parts of Poland. They are conditioned by circulation factors and
a much greater influence of polar maritime air masses over the western part of the
country, while the eastern part of Poland is in the area of influence of the seasonal
high pressure centre, which causes the inflow of frosty continental air masses. It is
worth noting that the average winter temperature there is slightly above 0 °C, while
it drops to below −3 °C in north-eastern Poland.

The diversification of the averagemaximum temperature confirms the fact that the
western and south-western parts of Poland are privileged in thermal terms, while its
north-eastern ends are characterized by thermal severity (Fig. 11.2). It is particularly
visible in the winter when, in north-eastern Poland, the average maximum tempera-
ture drops below 0 °C. The spatial distribution of the average minimum temperature
shows the greatest diversification among all thermal characteristics (Fig. 11.3). In
addition to the previously stated general regularities, significant regional differences
are visible. They result from hypsometric determinants and the significant impact of
the terrain on the minimum air temperature.
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Fig. 11.1 Mean air temperature conditions in Poland: a annual, b spring (MAM), c summer (JJA),
d autumn (SON), e winter (DJF)



280 Z. Ustrnul et al.

Fig. 11.2 Maximum air temperature conditions in Poland: a annual, b spring (MAM), c summer
(JJA), d autumn (SON), e winter (DJF)
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Fig. 11.3 Minimum air temperature conditions in Poland: a annual, b spring (MAM), c summer
(JJA), d autumn (SON), e winter (DJF)
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Air Temperature Changes During the Instrumental
Measurement Period

The first meteorological measurements in Poland were made in Warszawa (Warsaw)
andGdansk in themid-seventeenth century. Unfortunately, thesemeasurements were
very short: they were made using unverified instruments and hence it is difficult to
use them in modern research on climate change. The beginnings of measurements
that make the assessment of climate change possible, in particular air temperature,
date back to the second half of the eighteenth century (Warszawa 1779, Krakow
1792), although, as Miętus states (2007), the beginnings of the long-term series for
Gdansk date back to as early as 1739. Analysing all the information collected so far,
it can be concluded that there are several meteorological stations in the current area
of Poland, the history of which dates back to the nineteenth century. To this day, new
meteorological records are still being found which, after painstaking analyses, make
it possible to reconstruct the climatic conditions at least in the last 2 centuries. Of
the known stations with a history of up to 200 years, which have been scientifically
researched and for which data quality control and homogenization analyses have
been made, the following should be mentioned first: Warszawa, Krakow, Gdansk,
Wroclaw, and Poznan.

This chapter presents changes in air temperature which can be found on the basis
of 3 stations representing northern Poland (Gdansk), its central part (Warszawa),
and southern part (Krakow). Although the data series are of different lengths, they
reflect the characteristics of changes in air temperature over a long term. Owing to the
location of all three stations, especially Warszawa and Krakow, one should be aware
of the impact of the urban effect on the formation of thermal conditions, especially
after World War II, when urbanization developed rapidly.

Figures 11.4, 11.5, and 11.6 show successively the courses of average air temper-
atures on an annual scale, the summer (June–August), and the winter (December–
February) at the stations in question. It is worth noting that the nature of variability
is similar in all 3 regions. In general, this similarity is also visible in individual years.
Extremely warm or cold seasons are observed at all stations. This applies especially
to Warszawa and Krakow. In the case of the average annual temperature, there are
clearly increasing, statistically significant, long-term trends, reaching 2.2 °C and 1.9
°C, respectively, during the measurement periods. Particularly noteworthy are the
very high, previously unobserved air temperatures recorded since the 1980s. The
average annual temperature values exceeded 10 °C in Krakow andWarszawa, which
had been sporadic earlier, and in the case of Warszawa only since 2000 (Fig. 11.4).
The annual trend is strongly affected by a statistically significant increase in winter
air temperature (Fig. 11.6). In over 200 years of measurements, it reached 3.4 °C
in both cities. The temperature variability in the summer is slightly less spectacular.
Although its growing trend is also noticed, it is statistically insignificant (Fig. 11.5).
Summer seasons in the last few years in Warszawa and Krakow are characterized
by average temperature values over 20 °C, although it is worth adding that such an
average in the last 30 years had already appeared in 1992. Looking back at history,
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Fig. 11.4 Long-term variability of the annualmean temperature inGdansk,Warszawa, andKrakow

it should be noted that in Warszawa and Krakow exceptionally warm summers were
recorded much earlier, at the beginning of the nineteenth century. The Gdansk series
shows slightly smaller fluctuations in air temperature in individual seasons of the
year, which is associated with the mitigating influence of the Baltic Sea. This is
especially evident in the winter, when it is in Gdansk that the smallest range of
variations in its values are recorded, and the long-term trend reaches 1.6 °C.

To sum up, the secular sequences of air temperature from the 3 included stations
confirm its growing trends. In their case, the last 30 years, during which extremely
high temperature values have occurred, taking into account the year aswell as summer
and winter, have had a significant impact. The role of these last years is clearly
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Fig. 11.5 Long-term variability of the seasonal mean temperature in Gdansk, Warszawa, and
Krakow—summer (JJA)

expressed in the number of the warmest and coldest seasons that have been deter-
mined for the 1851–2018 long-term period common for all 3 stations. Tables 11.1
and 11.2 show the five warmest and coldest seasons. As can be seen, among the
highest average annual and seasonal values, the vast majority occurred after 2000.
Only in Gdansk there were 4 warm summer seasons, which were recorded in the
mid-nineteenth century. Among the coldest seasons, on the other hand, it is no use
looking for the last 30–50 years at the first 5 places (Table 11.2). The year 1871,
when the average annual temperature reached 5.4–5.7 °C, should be considered the
coldest year in the entire history of all 3 measurement series.

In accordance with the assumptions of this monograph, special attention was
devoted to the variability of air temperature observed in the years 1951–2018.
Figures 11.7, 11.8, 11.9, 11.10, and 11.11 depicts annual and seasonal tempera-
ture deviations from the long-term average calculated on the basis of values from the
entire analysed period for the three secular stations under consideration. As we can
see, average air temperature trends for all seasons are generally positive and mostly
statistically significant (Fig. 11.7). The largest growing trends are observed for the
annual average, when the average annual increase for Warszawa and Krakow is 0.4
°C per 10 years. This trend is really exceptionally pronounced even when taking
into account the additional warming influence of the urban effect. It is worth noting
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Fig. 11.6 Long-term variability of the seasonal mean temperature in Gdansk, Warszawa, and
Krakow—winter (DJF)

that it is so significant mainly owing to positive deviations often exceeding +1.0 °C
in the last several years. The years 2014–2018, with a slightly smaller deviation in
2017, showed one of the highest deviations at all 3 stations, especially in Warszawa
and Krakow. It should be added that negative deviations prevailed up to the 1980s. A
similar nature of the deviations, although slightly less pronounced, is visible in all 4
seasons (Figs. 11.8–11.11). However, large positive trends in the spring and summer,
and much smaller ones in the autumn and winter, should be noted here.

Since the occurrence of extreme values is an important indicator of changing
climatic conditions, an analysis of the variability of thermal extremes was also
carried out in addition to the described changes. To this end, it was decided to check
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Tab. 11.1 The highest annual and seasonal air temperatures (°C) inGdansk,Warszawa, andKrakow
and their occurrence year (1851–2019)

No. Gdansk Warszawa Krakow

Year Summer Winter Year Summer Winter Year Summer Winter

1 9.8
2018

19.3
2018

3.4
2006/07

10.8
2018

21.2
2018

2.7
1989/90

11.3
2015

21.4
1992

3.7
2006/07

2 9.7
2015

18.8
1858
1868

3.3
1988/89
1989/90

10.7
2015

20.8
2015

2.5
2006/07

11.2
2018

21.3
2015

3.2
1989/90
2015/16

3 9.6
1989
2000

18.7
1859

3.2
2007/08

10.2
2008
2014
2016

20.6
1939
1992

2.4
1988/89

11.1
2014

20.9
2018

2.6
1988/89

4 9.5
1990
2007
2014

18.6
1839

2.8
1974/75

10.0
2000
2007

20.4
2006

2.1
2015/16

11.0
2008
2000

20.8
2017

2.5
1997/98

5 9.4
1934
2008
2016

18.4
1852

2.6
1997/98

9.8
1989
2017

20.3
2002
2010

1.8
2007/08

10.8
2007
2016

20.6
2003
2007
2012

2.3
1993/94
2007/08

Tab. 11.2 The lowest annual and seasonal air temperatures (°C) in Gdansk,Warszawa, andKrakow
and their occurrence year (1851–2019)

No. Gdansk Warszawa Krakow

Year Summer Winter Year Summer Winter Year Summer Winter

1 5.5
1871

14.7
1902

−6.7
1939/40

5.4
1871

15.9
1923

−8.8
1939/40

5.7
1871

16.1
1913

−7.7
1928/29

2 5.8
1940

14.8
1962

−6.5
1870/71

5.8
1855
1870

16.0
1919

−8.1
1870/71

6.2
1858
1864
1870

16.4
1864
1919
1923

−7.4
1939/40

3 5.9
1889

14.9
1888

−6.3
1946/47

5.9
1864
1940

16.4
1849
1918
1962

−7.7
1962/63
1928/29

6.3
1940

16.5
1899

−7.2
1870/71

4 6.1
1870
1888
1902

15.0
1907
1923

−5.7
1928/29

6.2
1875

16.5
1864
1978
1984

−7.5
1946/47

6.6
1875

16.6
1909

−6.9
1946/47
1962/63

5 6.2
1941
1942

15.2
1916
1987

−5.3
1969/70

6.4
1941
1881
1956

16.6
1916
1974
1980

−6.2
1969/70

6.7
1855

16.7
1872
1884
1902
1907

−6.0
1864/65
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Fig. 11.7 Annual mean temperature anomalies (with respect to the period 1951–2018)

the behaviour of the maximum and minimum air temperature trends for an almost
140-year homogeneous data series from Krakow—the Observatory—from the years
1881–2018. Although the station represents the city’s climate, the presentation of
changes in the number of days with extreme values determined by the 10th and 90th
percentile thresholds well illustrates the long-term variability of this element.

Long-term trends in the number of days with a maximum temperature below the
10th percentile in all seasons are negative. Their magnitudes are small and, as a
result, statistically insignificant. The decrease in value reaches 0.3–0.4 per day per
10 years (Fig. 11.12). Over the past several years, the number of days with these
temperature peaks has been clearly smaller than in previous decades. Noteworthy
is their extremely high winter variability, which is also characterized by their high
number, exceeding 30 days in the years 1925–1965. Opposite trends in the number
of extremes, because they are increasing, are evident for the long-term course of
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Fig. 11.8 Seasonal mean temperature anomalies (with respect to the period 1951–2018)—spring
(MAM)

Fig. 11.9 Seasonal mean temperature anomalies (with respect to the period 1951–2018)—summer
(JJA)
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Fig. 11.10 Seasonalmean temperature anomalies (with respect to the period 1951–2018)—autumn
(SON)

extremes determined by the value of the 90th percentile (Fig. 11.13). There is a
clearly increased number of days in the last few years, especially in the summer
and winter. This is the result of a series of extremely hot summer seasons and warm
winters. Trends for these seasons reach 0.9 and 0.8 per day per 10 years, respectively.

The course of the number of days with extreme minimum temperature values
is quite similar. In all seasons, trends in the number of days with values below the
10th percentile are negative, while the positive ones are above the 90th percentile
(Figs. 11.14 and 11.15, respectively). This is owing to the higher incidence of days
with higher minimum temperatures. As in the case of maxima, this applies especially
to the winter and summer. It was in the summer that the trend value reached 1.5 days
per 10 years, which was caused by a significant number of days with high minimum
temperature values.

Long-Term Variability of the Daily Mean Air Temperature

The features of air temperature variability presented on the example of the above 3
stations, having one of the longest data sequences in Poland, were analysed in more
detail for the period 1951–2018on the basis of data fromall 58 availablemeasurement
points. At the beginning, the assessment of the average annual temperature variability
was made on the example of 5 stations representing different regions and having
complete data sequences. At the same time, these stations were selected taking into
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Fig. 11.11 Seasonal mean temperature anomalies (with respect to the period 1951–2018)—winter
(DJF)

account their detailed location, including the limited impact of urban areas on the
course of temperature.

The course of the average annual temperatures at individual stations shows their
strong growing trend (Fig. 11.16). It is the result of much higher values in the last
20–25 years, especially in the period 2014–2018. Throughout the entire multi-year
period, the increase in average values can be estimated at even as much as 2 °C.
This trend is highly statistically significant and observed throughout the country. Its
highest values, exceeding 0.3 °C/10 years, were found in central-western Poland,
and slightly lower below 0.2 °C/10 years in its south-eastern part.

The nature of the changes, similar to the average for the year, is also visible in
the case of seasonal values (Figs. 11.17, 11.18, 11.19, 11.20, 11.21). The trends of
changes are positive in all seasons, with the spring showing the highest temperature
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Fig. 11.12 Variability of the number of days with maximum air temperature below 10 percentile
values in particular seasons in Krakow (1881–2018); a spring (MAM), b summer (JJA), c autumn
(SON), d winter (DJF)
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Fig. 11.13 Variability of the number of dayswithmaximumair temperature exceeding 90 percentile
values in particular seasons in Krakow (1881–2018); a spring (MAM), b summer (JJA), c autumn
(SON), d winter (DJF)
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Fig. 11.14 Variability of the number of days with minimum air temperature below 10 percentile
values in particular seasons in Krakow (1881–2018); a spring (MAM), b summer (JJA), c autumn
(SON), d winter (DJF)
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Fig. 11.15 Variability of the number of dayswithminimumair temperature exceeding 90 percentile
values in particular seasons in Krakow (1881–2018); a spring (MAM), b summer (JJA), c autumn
(SON), d winter (DJF)
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Fig. 11.16 Variability of the annual mean air temperature at selected stations; red line—Gaussian
filter; straight line—linear trend
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Fig. 11.17 Variability of the seasonal mean air temperature at selected stations—spring (MAM);
red line—Gaussian filter; straight line—linear trend
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Fig. 11.18 Variability of the seasonal mean air temperature at selected stations—summer (JJA);
red line—Gaussian filter; straight line—linear trend
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Fig. 11.19 Variability of the seasonal mean air temperature at selected stations—autumn (SON);
red line—Gaussian filter; straight line—linear trend
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Fig. 11.20 Variability of the seasonal mean air temperature at selected stations—winter (DJF); red
line—Gaussian filter; straight line—linear trend
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Fig. 11.21 Linear trends of the annual and seasonal mean air temperature in Poland (°C/10 years,
(dark dots denote significant trends at the particular stations at the significance level of 0.05):
a annual, b spring (MAM), c summer (JJA), d autumn (SON), e winter (DJF)
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rise. In turn, it is the smallest in the autumn, when in eastern Poland it is practically
difficult to observe (Fig. 11.21).

Analysing in detail the graphs in Figs. 11.16, 11.17, 11.18, 11.19, and 11.20, it
is also possible to indicate particularly outstanding years. Considering the average
annual temperature value, the year 1956 turned out to be the coldest at all 5 stations,
and the years 2014–2015 the warmest (Fig. 11.16). The only season in which it is
difficult to indicate years with the highest or lowest temperature values occurring
simultaneously throughout the country was the spring (Fig. 11.17). In the summer,
the lowest average temperature occurred in 1962 and 1978. In turn, its highest values
fell in 2018 and 1992 (Fig. 11.18). It isworth noting that these years do not correspond
to the extreme values recorded in Western Europe, where an extremely hot summer
occurred in 2003 and 2015. In a significant area of the country, the coldest autumn
occurred in 1993, and the warmest in 2006 (Fig. 11.19). In the entire 68-year period,
the harshest winter was in the 1962/1963 season, and the mildest in 2006/2007. In
that season, even in Zakopane, the average air temperature was positive at that time
(Fig. 11.20).

In order to make a synthetic presentation of air temperature variability in Poland,
its average area value was determined. It was calculated for the annual average
and individual seasons, which made it possible, at the next stage to construct a
diagram illustrating the average area thermal characteristics of Poland. This average
was determined on the basis of air temperature values from all stations included.
Owing to their relatively even location in Poland, the presented values represent the
average temperature throughout the country. Although this is a simple measure, it
characterizes long-term temperature variability very well and makes the hierarchical
assessment of individual seasons possible. Figure 11.22 clearly shows that the last
20 years have been distinctlywarmer than the beginning of the analysed period. In the
1951–2018 period under review, the coldest year was 1956, while the coldest summer
was in 1962 and the coldest winter was in 1962/1963. Since 1999, practically every
year at least one of the seasons has been classified as anomalous or even extremely
warm, i.e. in the range above the 90th or even 95th percentile, which is reflected
in the assessment of the annual temperature. Extremely warm and, in the light of
the area average, the warmest years in the whole period under consideration were
the years 2014, 2015, and 2018, in which most or all seasons were characterized by
a temperature higher than that assumed as normal for the period 1951–2018. This
general unambiguous trend indicating warming in all seasons is slightly disturbed by
the thermal conditions of the winter. Despite the media opinion about increasingly
mild winters, in the last 10 years up to 3 winters (2010, 2011, and 2013) should be
considered very cold or anomalously cool according to the adopted classification.

Long-Term Variability of Extreme Daily Air Temperatures

Average air temperature is the thermal variable most frequently considered. It is
undoubtedly of great importance as a basic indicator of climatic conditions. It is
considered by many researchers to be the most important synthetic indicator of
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Fig. 11.22 Annual and seasonal air temperature classification—areal mean for Poland
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climate change. Sometimes these changes are assessed only from the perspective
of average air temperature. However, more in-depth analyses require reaching for
extreme values based on daily maximum and minimum temperature values, which,
incidentally, are also used in Anglo-Saxon countries to determine mean values.
Without going into the various opinions on the importance of mean values (referring,
for instance, to Romer 1948/1949), taking into account temperature values based
on its extremes becomes a necessity. Climate change is often understood through
changes in extreme temperatures (IPCC 2007, 2013).

On the basis of homogeneous, daily series of maximum and minimum air temper-
atures, the changes in their occurrence in Poland in the analysed period were deter-
mined. In addition to the standard analysis, given the importance of the occurrence of
weather extremes in the analysis of changing climatic conditions, an assessment was
made of the long-termvariability of values considered extreme for both themaximum
and minimum air temperature. These extremes were determined both on a seasonal
basis, determining on the basis of the considered period 1951–2018 the values of the
10th and 90th percentiles, daily minimum temperature (Tmin) and daily maximum
temperature (Tmax), in subsequent seasons of the year, followed by the long-term
variability of the number of days with the above extremes, and on an annual basis,
where the 10th and 90th percentiles were calculated for each year separately, which
makes the analysis of the long-term variability of their values possible.

The average values of the maximum temperature trends in Poland show similar,
increasing trends as in the case of the average temperature. The average annual
maximum temperature shows positive trends reaching 0.2–0.3 °C/10 years in a signif-
icant part of the country (Fig. 11.23). They are the highest in the spring, when they
exceed 0.4 or even 0.5 °C/10 years. These values should be considered alarming,
because with such high trends over 100 years, the average maximum temperature of
the spring can increase by as much as 5 °C. Significantly, only slightly smaller trends
are observed in the summer. They reach the highest values of 0.4 °C/10 years in the
southern part of Poland. In the winter, as was to be expected, they are also growing
and in most of the country they exceed 0.2 °C/10 years. The only season of the year
where there are no such trends, similar to the average daily air temperature, is the
autumn.

Trends in changes in the minimum temperature do not differ significantly from
those for the average and maximum temperatures. The average annual value of the
minimum temperature in a significant part of the country shows positive trends
reaching 0.2–0.3 °C/10 years (Fig. 11.24). They are the highest in the spring and
winter, when in northern and eastern Poland they exceed even 0.4 °C/10 years. The
lowest (below0.3 °C/10 years) occur inmountain areas, indicating the greater thermal
and climatic stability of these areas. As could be expected, the autumn is the season
with relatively lowest long-term trends, when they do not exceed 0.3 °C/10 years.
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Fig. 11.23 Linear trends of the annual and seasonal maximum air temperature in Poland
(°C/10 years (dark dots denote significant trends at the particular stations at the significance level
of 0.05): a annual, b spring (MAM), c summer (JJA), d autumn (SON), e winter (DJF)
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Fig. 11.24 Linear trends of the annual and seasonal minimum air temperature in Poland
(°C/10 years) (dark dots denote significant trends at the particular stations at the significance level
of 0.05): a annual, b spring (MAM), c summer (JJA), d autumn (SON), e-winter (DJF)
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Maximum Daily Temperature

The long-term course of the temperature value corresponding to the 90th percentile
of daily maximum temperature, calculated for individual years and the 5 selected
stations, shows weak positive trends (Fig. 11.25). The course of extreme values
of the daily maximum temperature in individual years of the multi-year period is
similar (Fig. 11.26). The spatial and seasonal diversification of change trends is not
surprising.

In the spring, the 90th percentile of maximum daily air temperature is posi-
tive throughout the country. Trends determined for the examined period indicate
an average increase in the number of days with these values by over 0.5 days for
every 10 years (Fig. 11.27). The western and southern parts of the country, where
this trend exceeds 1 day per 10 years, are particularly noteworthy. A similar map
constructed for the 10th percentile shows a negative trend ranging from just above
-0.6 day in the south-west of the country to over 1 day per 10 years in north-eastern
Poland (Fig. 11.28). This means that the largest decrease in the number of days with
the lowest maximum temperature values is observed in the region.

In the summer, significant positive trends in the number of days with a maximum
daily temperature exceeding the 90th percentile are observed throughout the country
(Fig. 11.27). It is worth adding that the value of this percentile exceeds 32 °C at
many stations. These trends for the summer are the highest among all seasons and
confirm the thesis about particularly warm summer months in the recent period, not
only in Poland. Apart from central and northern Poland, an increase in the number
of days with a maximum daily temperature exceeding the 90th percentile reaching
over 1 day per 10 years is visible throughout the country. The highest positive trends
occur in southern Poland, especially in theCarpathianMountains, where this increase
reaches 2 days per decade, which in turn results in an increase by over 12 extreme
days since the mid-twentieth century. Slightly weaker trends are related to days
with maximum temperature values that do not exceed the 10th percentile. They are
negative throughout the country, but the most significant in its south-western part,
reaching -0.8/–1.0 days for every 10 years (Fig. 11.28).

In the autumn, long-term trends in the number of days with the occurrence of
extreme values of the maximum temperature are expressed to the least extent. This
applies to both the 90th and10th percentiles (Figs. 11.27 and11.28).Atmany stations,
these relationships are even statistically insignificant. It can be considered that this
season shows the highest thermal stability during the year.

Similar trends in the number of days with extreme maximum air temperature
are recorded in the winter. The most significant are visible for the 90th percentile,
exceeding the value of 1.5 days per 10 years in northern Poland. The trend in the
change of the number of days with a temperature not exceeding the 10th percentile
threshold is decreasing, but very insignificant, and it nowhere exceeds 1 day per
10 years. This means that there is a slight decrease in the number of days with the
temperature being in the range of 10% of the lowest peak temperatures recorded,
which is associated with the fact that the majority of days reach values within the
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Fig. 11.25 Variability of the 90th percentile air temperature values at selected stations
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Fig. 11.26 Variability of the annual maximum air temperature values at selected stations
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Fig. 11.27 Linear trends of the number of days with maximum seasonal air temperature values
exceeding 90 percentile in Poland (days/10 years, dark dots denote significant trends at the particular
stations at the significance level of 0.05): a spring (MAM), b summer (JJA), c autumn (SON),
d winter (DJF)

normal range, or have high maximum temperature values. This trend, like in the
autumn, is not statistically significant.

Minimum Daily Temperature

The attached graphs for the selected 5 stations showing the long-term course of the
10th percentile of the daily minimum temperature, show a positive trend at all 5
analysed stations (Figs. 11.29 and 11.30). In the multi-year period under considera-
tion, the minimum temperature limit value of the 10th percentile increases, primarily
influenced by the temperature in recent years. Smaller, though positive, trend values
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Fig. 11.28 Linear trends of the number of days with maximum seasonal air temperature values
below 10 percentile in Poland (days/10 years, dark dots denote significant trends at the particular
stations at the significance level of 0.05): a spring (MAM), b summer (JJA), c autumn (SON),
d winter (DJF)

can also be found in the course of the extreme values of the daily minimum temper-
ature in the considered multi-year period (Figs. 11.29 and 11.30). It is worth noting,
however, that even in recent, undoubtedly warmer years, including certainly winters,
the lowest values of the minimum temperature can be as low as in previous decades.

An analysis of the temporal and spatial diversification of trends in the number of
days with a minimum temperature below the 10th percentile showed their negative
values in all seasons (Fig. 11.31). The largest negative trends can be seen in the
winter, when in all of Poland, except its north-eastern part, the magnitude of the
trend reaches at least 1 day per 10 years. This means a decrease in the number of
days with the minimum temperature in the range of the lowest 10% of all recorded
values over the multi-year period. Significantly negative trends can also be found in
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Fig. 11.29 Variability of the 10 percentile air temperature values at selected stations in Poland

the spring and summer. The exception, as in the case of the maximum temperature,
is the autumn, when these trends are small and generally not statistically significant.

The image of trends in the number of days with a minimum air temperature above
the 90th percentile is different. In all seasons, it shows pronounced positive trends
(Fig. 11.32). Considering the already described changes in the average minimum
air temperature and the number of days with values below the 10th percentile, it
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Fig. 11.30 Variability of the annual minimum air temperature values at selected stations in Poland

can be stated that an increase in the value of the minimum daily temperature has
been observed in recent years. The highest values of the examined trends are visible
in the summer, when the increase in the south-west of Poland is 2 per 10 years.
Slightly lower values are observed in the winter and spring. However, large regional
differences canbe found in both these seasons (Fig. 11.32). Similarly to the previously
analysed characteristics, the smallest trends are visible in the autumn.
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Fig. 11.31 Linear trends of the number of days with minimum seasonal air temperature values
below 10 percentile in Poland (days/10 years, dark dots denote significant trends at the particular
stations at the significance level of 0.05): a spring (MAM), b summer (JJA), c autumn (SON),
d winter (DJF)

Number of Days with the Particular Air Temperature
Thresholds

Changes in the maximum and minimum temperatures have been presented above
using average values and percentile values, which can be considered a relative
measure of extreme values. Modern climatology has also used simple characteristics
based on specific extreme temperatures for many years. The so-called characteristic
days, determined on the basis of conventional, generally accepted maximum and/or
minimum temperature thresholds, are considered to be appliedmost frequently. They
make an absolute assessment of the thermal air regime of the area possible, and thus
analysing the long-term variability of their occurrence is an important indicator of



314 Z. Ustrnul et al.

Fig. 11.32 Linear trends of the number of days with minimum seasonal air temperature values
exceeding 90 percentile in Poland (days/10 years, dark dots denote significant trends at the particular
stations at the significance level of 0.05): a spring (MAM), b summer (JJA), c autumn (SON),
d winter (DJF)

changing climatic conditions. The characteristics used most often for the area of
Central Europe, including Poland, are briefly described below.

The most spectacular effect of the increase in air temperature in recent years is
the change in the number of hot days (maximum temperature >30 °C). A clear rising
trend in the number of these days is visible at selected stations (Fig. 11.33), while
their incidence has been definitely higher in recent years. If, at the beginning of the
multi-year period, there were on average several such days in a year, there have been
even more than 20 hot days in the past 30 years. Most were recorded in 2015 and
2018, and earlier in 1992 and 1994. It is worth adding that especially few of these
days were recorded in the 1970s.

The number of warm days (maximum temperature >25 °C) is also a characteristic
of the recent global warming of the climate (Fig. 11.34). The constructed map of
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Fig. 11.33 Number of hot days (Tmax > 30 °C) at selected stations in Poland
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Fig. 11.34 Number of warm days (Tmax > 25 °C) at selected stations in Poland
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Fig. 11.35 Linear trend of the number of warm days (Tmax > 25 °C) in Poland (days/10 years,
dark dots denote significant trends at the particular stations at the significance level of 0.05)

the long-term trend of the number of these days indicates their significant increase
in the south and south-west of Poland, where it reaches over 3 days per 10 years
(Fig. 11.35). The smallest changes are visible in northern Poland, with a minimum
of about 1 day per 10 years in the Gulf of Gdansk.

The number of days with so-called tropical nights (minimum temperature >20 °C)
complements and, at the same time, highlights the extremity of thermal conditions.
These days, which had previously occurred sporadically at various stations, i.e. once
every few or even a dozen or so years, in the last decade appeared much more often
and they were no longer single episodes (Fig. 11.36). Owing to their small number,
it is difficult to perform a spatial analysis. It is worth adding, however, that they
can occur, not only in highly urbanized areas, but also in mountainous areas (e.g.
Zakopane).

Since the warming of climatic conditions is visible not only in the summer, but
also in the cool half of the year, the occurrence of characteristic days fromNovember
to April is an important part of the analysis.

The number of cold days (minimum temperature <−15 °C) attests to the thermal
severity of the climate, especially in thewinter. On the example of individual stations,
it should be noted that they have decreased significantly in the last 3 decades.
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Fig. 11.36 Number of tropical nights (Tmin > 20 °C) at selected stations in Poland
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Regardless of the downward trend, it should be emphasized that such days have also
occurred in recent years, although their number generally is only a few (Fig. 11.37).
In the surveyed multi-year period, the largest number of these days at most stations,
exceeding 30, occurred in 1963.

The number of days with a minimum temperature below <0 °C (frost days) is
another indicator on the basis of which one can draw conclusions about global
warming. The performed analyses clearly confirm the suppositions that the number
of these days has decreased. In the last 2–3 decades, there have been years when
this number has fallen to fewer than 90 days or fewer than 3 months (Fig. 11.38).
Certainly, at some stations, such a small number of days has also occurred earlier. The
spatial distribution of linear trends indicates that the largest decrease in the number
of days with a minimum temperature below 0 °C occurs in north-western Poland,
where the values of the described changes reach over 5 days per 10 years. This is
undoubtedly conditioned by the mitigating effect of the Baltic Sea (Fig. 11.39). For
the record, it should be added that significant negative trends were also found in the
east of Poland, which may be associated with circulation factors. A slightly smaller
decrease in the number of considered days (about 3–4 days/10 years) is visible in
southern Poland, especially in the Carpathians and their foreground. Most likely, the
terrain, which contributes to the occurrence of slight frost in concave landforms, has
some effect on the number of these days.

An interesting characteristic, significant fromboth the environmental and practical
point of view, is the number of days with the passage through 0 °C (maximum
temperature >0 °C and minimum temperature <0 °C), according to some approaches
identified with frost days. The clearly decreasing number of days with a minimum
temperature <0 °C is, certainly, a direct cause of the decrease in the number of days
with maximum temperature >0 °C and minimum temperature <0 °C (Fig. 11.40).
The spatial distribution of the value of trends in the number of days with freezing
point (0 °C) transition indicates that themost significant changes (a decrease of about
4 days/10 years) occur in north-western Poland, especially along the coast, which
undoubtedly should be associated with the mitigating role of the Baltic Sea in the
winter and thus its effect on the simultaneous reduction of the number of days with
a minimum temperature below 0 °C (Fig. 11.41). These relationships can be easily
contrasted with each other by comparing the spatial distribution of the discussed
trends in Figs. 11.39 and 11.41).

This analysis is complemented by the characteristics of the variability of the
number of frost-free days (minimum temperature >0 °C) considered here as the
length of the frost-free period (between the last spring frost and the first autumn
frost). This is an important climate indicator that is of great practical importance
especially in the field of agriculture around the world. As expected in the light of
other research results, the trends of length of this period are clearly positive, i.e. this
length increases significantly. Their values reach 4–6 days per 10 years, which in
turn causes a very large extension of the frostless period (Fig. 11.42). On the Polish
scale, this is particularly visible in its south-eastern part (Fig. 11.43). Although, on
the one hand, this general tendency seems to be a very positive agrometeorological
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Fig. 11.37 Number of cold days (Tmin <−15 °C) at selected stations in Poland
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Fig. 11.38 Number of frost days (Tmin < 0 °C) at selected stations in Poland
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Fig. 11.39 Linear trend of the number of frost days (Tmin <0 °C) in Poland (days/10 years, dark
dots denote significant trends at the particular stations at the significance level of 0.05)

and agricultural fact, on the other hand, it may cause a greater risk of damage in the
event of occurrence of frost during the theoretically ongoing frostless period.

Conclusions

A number of thermal characteristics have been used in this chapter on changes in air
temperature in Poland. An analysis was carried out throughout Poland, which made
possible an overall assessment of changes in thermal conditions over the period 1951–
2018. The inclusion of data from almost 60 meteorological stations and posts also
made a regional approach to the issue possible. Certainly, although it is not possible
to fully exclude certain local peculiarities, in the light of the data used it is difficult
to indicate different trends of the characteristics taken into account in individual
regions of Poland. This is confirmed by the cited selected studies performed on
smaller scales. Possibly finding such differences in the trends considered would be
very doubtful and, in the first place, would suggest the existence of heterogeneity in
the data used. As a continuous meteorological element, from the physical point of
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Fig. 11.40 Number of days with the temperature crossing 0 °C (Tmax > 0 °C and Tmin < 0 °C) at
selected stations in Poland
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Fig. 11.41 Linear trend of the number of days with the temperature crossing 0 °C (Tmax > 0 °C
and Tmin <0 °C) in Poland (days/10 years, dark dots denote significant trends at the particular
stations at the significance level of 0.05)

view air temperature cannot show significantly spatially different changes in trends.
Mountain areas could be an exception, but the analysis and work carried out so far
do not confirm the separateness of the changes taking place.

As stated, all analyses were carried out on the basis of data with a daily resolu-
tion derived from the measurements performed at stations. Using a larger number
of stations was not possible owing to doubts about the homogeneity of the series.
However, it seems that the material used from 58 points was sufficient to perform the
tests, the most important results of which are presented in the chapter. According to
the assumptions of this monograph, no data from reanalyses, or other data that could
be obtained from various model simulations, have been used. The use of such is
currently possible and probably in many cases would facilitate some of the analyses,
including in particular the construction of individual maps. This applies especially to
elements and characteristics very sensitive to local environmental conditions, which
sometimes disturb the continuity of their distribution. However, there is a concern
that an uncritical use of such data may lead to somewhat idealized results, which are
not reliable enough to illustrate the features of the spatial diversification and temporal
variability of air temperature.
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Fig. 11.42 Variability of the frostless period (Tmin > 0 °C) length at selected stations in Poland
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Fig. 11.43 Linear trend of the frostless period (Tmin >0 °C) length in Poland (days/10 years, dark
dots denote significant trends at the particular stations at the significance level of 0.05)

The assessment of air temperature changes in Poland in the light of most char-
acteristics and indicators showed their significant trends resulting from the increase
in air temperature. Depending on the characteristics, these are either increasing (e.g.
average annual and seasonal air temperature, number of hot days) or decreasing (e.g.
number of frost days) trends. These trends were found irrespective of the length of
the period considered. This is especially noticeable in the basic period under analysis
(1951–2018), although it is the result of a significant increase in air temperature in
the last 3 decades, confirmed independently by the results of analyses for various
thermal indicators. These changes are in most cases highly statistically significant,
however, particular attention should be paid to the trends in average and maximum
air temperatures during the year and in the summer and winter. They are also associ-
ated with the trends of changes in the occurrence of various so-called characteristic
days. Although the coming years are going to confirm towhat extent these trends will
continue, they give cause for pessimism about the pace of climate change represented
by its guiding element, i.e. air temperature.

The demonstrated variability of thermal conditions in Poland, which according to
the suggestions of some researchers (Mitchel et al. 1966) can already be considered
as symptoms of change, is fully in line with the trends observed in recent decades
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in Europe and elsewhere in the world. This applies in particular to the courses of
average air temperature values for which there are a number of key studies. The most
important ones were cited at the beginning of this chapter.
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Gorczyński W (1915b) O zmianach długoletnich temperatury powietrza w Polsce i Eurazyi.
Warszawa, Drukarnia i Litografia Jana Cotty
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Kożuchowski K, Żmudzka E (2003) 100-year series of areally averaged temperatures and precip-
itation totals in Poland, Acta Universitatis Wratislaviensis, No. 2542. Studia Geograficzne
75:116–122

LambHH (1972) Climate: present, past and future, vol. 1: Fundamentals and climate now,Methuen,
London

LambHH (1977) Climate: present, past and future, vol. 2: Climatic history and the future, Methuen,
London

Landsberg HE, Yu CS, Huang L (1968) Preliminary reconstruction of a long time series of climatic
data for the Eastern United States, Technological Note B14-571. University ofMaryland, College
Park
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Miętus M (2007) 200 lat regularnych obserwacji i pomiarów meteorologicznych w Gdańsku
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meteorologicznych w Gdańsku, Monografie IMGW. Warszawa, pp 7–19

Mitchell JM (1961) Recent secular changes of global temperature, Annals NY Acad Sciences,
95(1):235–250

Mitchell JM, Dzerdzeevskii B, Flohn H, Hofmeyr WL, Lamb HH, Rao KN, Walleen CC (1966)
Climatic change, report of a working group of the Commission for Climatology, WMO No. 195,
Technical Note 79, Geneva, 79 pp

Moberg A, Bergstrom H (1997) Homogenization of Swedish temperature data. Part III: the long
temperature records from Uppsala and Stockholm. Int J Climatol 17:667–699
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Chapter 12
Air Humidity Change

Agnieszka Wypych

Abstract Water vapour is a major component of the Earth’s atmosphere, believed
to be the most important trace gas found there. The observed phenomena of global
warming suggest that temperature-dependent atmospheric moisture should also
demonstrate visible long-term fluctuations. Long-term variability of humidity condi-
tions in Poland was analysed using three data sources: surface measurements of rela-
tive humidity (RH) from the period 1951–2018, historical measurements of relative
humidity conducted in Kraków since the year 1863, and ERA-5 specific humidity
(SH) reanalyses data for the available period of 1981–2018. Without unlimited water
supplies, Poland experiences only a slight increase in moisture, which is significant
particularly in summer (up to 0.2 g:kg−1 per 10 years) and in autumn. The relative
trend reaches approximately 3% of mean values. Together with increasing temper-
ature, it brings a statistically significant decrease in RH, observed since the second
half of the twentieth century. The trend value of almost 1% per decade is observed in
the southeastern part of the country and much less at the coast. The relative trend is
the highest, about 5% of the mean, in central Poland. The most intensive decreasing
trends all around the country have been found for spring (March–May) and summer
(June–August).

State of the Art

Water vapour is a major component of the Earth’s atmosphere. Given its role in
processes such as radiation, cloud formation and energy exchange in the ocean-
atmosphere system, water vapour is believed to be the most important trace gas in
the atmosphere. It has a positive feedback, based on an exponential increase in the
equilibrium of water vapour pressure with rising temperatures estimated at about
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7% per 1 K (according to Clausius-Clapeyron equation), and a quasi-exponential
increase in maximum water vapour holding capacity of the Earth’s atmosphere
(Manabe andWetherald 1967). The observed phenomena of global warming suggest
that temperature-dependent atmospheric moisture should also demonstrate visible
long-term fluctuations. Over recent decades, increasing specific humidity has been
observed over most of the ocean and land surface (Dai 2006; Willett et al. 2013).
Nevertheless, the trend is more pronounced with the presence of unlimited water
supplies, whereas over many land areas where the moisture is restricted, there should
be less of an increase in specific humidity, thereby allowing temperatures to increase
by higher amounts and RH to decrease (Willet 2007).

Changes in water vapour content in the Earth’s atmosphere remain a popular
subject of research due to the significance of the subject matter. Nevertheless, an
insignificant number of research studies have examined its course and variability.
This is caused, among others, by the lack of long-term hygrometric or psychro-
metric measurements as well as the methodical difficulties related to the analysis of
numerical material (Heino 1994). Long-term variability and change in water vapour
was described by Elliott (1995), Peixoto and Oort (1996), Ross and Elliot (1996) as
well as Gaffen and Ross (1999), Dai (2006) and Vincent et al. (2007). Atmospheric
moisture content has also been analysed in the context of contemporary climate
change (Schneider et al. 1999; Hall and Manabe 1999; Mieruch et al. 2008; Allan
and Zveryaev 2011; Mattar et al. 2011), particularly on a regional scale (Groisman
et al. 2004; Morland et al. 2009; Ye and Fetzer 2010; Ortiz de Galisteo et al. 2014)
and also towards the parametrisation of climate models (Allan et al. 2003; Ingram
2010; Kahn et al. 2011; Ning et al. 2013). The newest climate models indicate that
any trends may be exacerbated by high moisture mobility associated with changes in
circulation patterns. Insightful analyses of data quality as well as temporal and spatial
variability of water vapour (different variables) were conducted byWillet (2007) and
Willet et al. (2008, 2013, 2014). To create a global database of atmospheric humidity
(HadCRUH, http://hadobs.metoffice.com/hadcruh/), the authors examined available
moisture content data sources with detailed data quality control and homogenisation
procedures, demonstrating a variety of problems related to atmospheric humidity
measurements.

Despite the above-mentioned doubts about the reliability of the material on hand,
studies on the trends and distribution of air humidity parameters, in both regional and
local aspects, have been conducted inPoland formanyyears. Theypresent diurnal and
annual trends in relative air humidity, saturation deficit and, rarely, in vapour pressure.
The studies are most often excerpts from greater works, generally monographs of
towns or regions. The data used in them are measurement series no longer than
thirty years. Michna (1972) described annual and seasonal distribution of relative air
humidity in Poland on the basis of data for the period of 1946–1965 received from 53
stations, using daily mean values and the midday measurement. Gumiński (1927),
among others, carried out similar research earlier on analysing spatial variability of
vapour pressure and relative air humidity. In the 1960s, Wierzbicki (1959a, b, 1960)
and Hohendorf (1955, 1960) studied spatial distribution of relative air humidity in
Poland, using air saturation deficit as the primary air humidity parameter.

http://hadobs.metoffice.com/hadcruh/
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Among regional studies, the most noteworthy are the works by Obrębska-
Starklowa et al. (1986a, b) and works by Niedźwiedź (1973), in which thermal-
humidity conditions in the Carpathian Mountains and the Sub-Carpathian region
(Beskid Mountains, Podhale, the Carpathian Plateau) are described in detail. The
authors stress the influence of morphometry and morphography of landforms on
diurnal variations of humidity parameters and the great effect the weather types have
on changes in humidity conditions. In the 1950s, Kosiba (1952) was engaged in
studies on humidity balance in Silesia. He discovered that the observed decrease
in relative air humidity that caused a decrease in precipitation and an increase in
evaporation, and, consequently, in saturation deficit, was the result of changes in
atmospheric circulation. The work by Wierzbicki, published in 1878, was one of
the earliest publications characterising local humidity conditions. Wierzbicki had
inhomogeneous material (missing data) at his disposal, therefore he interpolated the
missing values using Bessel’s formula. Satke (1904) pointed out errors in records,
missing data, frequent changes of observers as well as incorrect location of measure-
ment stations. Describing air humidity in Tarnopol, he nevertheless emphasised the
regional importance of his work because of specific environmental conditions of
psychrometer location. In the publication “The Climate of Rabka”, Trybowskis’
(1967) described humidity conditions in this town from the angle of health resort
treatment. Głowicki (1970a, b) analysed the annual variations of saturation deficit
and the relative humidity (in classes), connecting variability of described parameters
with frequent changes in air masses. He called attention to the great importance of
air humidity research for agrometeorological and hydrological applications, espe-
cially for preparing forest fire danger forecast. Kotońska (1974), based on a 10-year
observation series, characterised humidity conditions in Poznań using relative air
humidity and vapour pressure as well as saturation deficit. She analysed the annual
variation of these parameters and also the occurrence frequency of days with char-
acteristic humidity and thermal conditions. Furthermore, in her dissertation, Tara-
jkowska (1974) focused on the influence of changed subsoil on humidity conditions in
Częstochowa. Describing long-term (1924–1965) variations in air humidity param-
eters, the author did not prove their direct connection with the city’s development,
but she pointed out diversified humidity conditions in urban and non-urban areas that
provided valuable clues for works concerning city climates. For many years, studies
on air humidity distribution in the aspect of city climate changes have also been
conducted in Wrocław’s research centre (Młostek and Sobik 1984; Dubicka et al.
2003), Łódź’s research centre (Dubaniewicz 1977; Kłysik 1985), and more and more
frequently also in other cities in Poland (e.g. in Lublin—Gluza andKaszewski 1984).
The aim of research works is to establish the influence of urban environment (pattern
of development) on diurnal and annual variations in air humidity, with particular
regard to the impact of urban heat islands. The results corroborate other authors’
findings (Lewińska 2000), which highlight the fact that values of vapour pressure
and saturation deficit are higher in towns than outside them, while values of relative
air humidity are considerably lower.

As already mentioned, air humidity variation was seldom the topic of detailed
examination. In Poland, Hohendorf (1967, 1969) was the first who took up this topic
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in his research and described the variability of saturation deficit. Obrębska-Starklowa
and Grzyborowska (1997) presented the analysis of air humidity variability made for
the plateau section of the Raba River (relative air humidity in the period of 1971–
1992), whereas Bryś (2003) described air saturation deficit variation inWrocław and
Wypych (e.g. 2008, 2010) the variability of humidity conditions in Kraków, both for
the period of the twentieth century. The conducted research confirmed the drying out
of the atmosphere above Poland on the basis of point location studies.

Slovak (Kveták 1985, 1993; Brázdil and Budiková 1994) and Finnish (Heino
1994) researchers made a considerable contribution to the studies of long-term vari-
ability of this meteorological element. The results of conducted analyses confirm
those obtained in Poland. Heino, despite breaks in series homogeneity, documented
a decrease in the value of relative humidity in Helsinki in the twentieth century. In
winter months, the relative humidity dropped by 5–8%, while in May and June by
as much as 18–19%. In Hurbanovo, Slovakia, in the twentieth century, there was a
decrease in both relative air humidity, whose value dropped by 3–9%, and in vapour
pressure. All authors stressed unanimously that, mainly because of the scarcity of
material, the obtained results did not provide an unequivocal answer to the question
of air humidity variability and its causes, thus confirming the necessity of conducting
more detailed studies and analyses.

Data and Methods

To analyse long-term variability of humidity conditions in Poland, three data sources
were used. Surface measurements of relative humidity (RH) were obtained at mete-
orological stations evenly distributed all over the country using a psychrometer with
both a dry-bulb andwet-bulb thermometer, covering the period of 1951–2018.Histor-
ical measurements of relative humidity (RH) were conducted in Kraków starting in
the year 1863, consequently in the same place (psychrometer located in Stevenson
screen by the NNW window, 12 m above the ground level), and ERA-5 reanalyses
data (with spatial resolution of 0.25°) describing the amount of water vapour in the
troposphere (specific humidity, SH) were also obtained for the available period of
1981–2018. To reduce the problem of changes in observing timeswithin the analysed
period for all the data sources, only subdaily measurements performed at 12 UTC
were taken into consideration.

In modern reanalysis, including ERA-5 the parametrisation of the representa-
tion of the hydrologic cycle is strongly improved, which leads to a reduction in the
magnitude of errors for humidity-sensitive variables. Many comparative studies have
confirmed the usefulness of reanalysis data in the examination of water vapour fields
(Schröder et al. 2016). On the contrary, psychrometric measurements are associ-
ated both with instrument handling and reading errors. All the available data (more
than 150 stations of the Institute of Meteorology and Water Management—National
Research Institute) were thoroughly inspected and checked by quality control and
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weather dependent analyses. Finally, the 56 selected stations have data completeness
of at least 90% for 1951–2018.

The non-parametric Mann-Kendall test was applied to assess the trends for the
entire period and subperiods and tomeasure the statistical significance of the changes,
while the Theil-Sen estimator was used to calculate the trend slopes.

Moisture Content (Specific Humidity)

Specific humidity (SH, g:kg−1) is sometimes regarded as a measure of ‘actual’
humidity, relating the mass of water vapour in the atmosphere to the total mass of the
moist atmosphere. Increasing SH directly implies increasing absolute atmospheric
moisture content as opposed to the relative measure of RH.

Analysis of spatial and temporal differences in water vapour content in the tropo-
sphere shows large seasonal differences in the distribution of water vapour. Although
mean annual values of specific humidity in Poland demonstrate almost no spatial
differentiation, reaching around 5.5 g:kg−1, the standard deviation and coefficient of
variation indicate climate continentalism in southeastern part of the country, showing
significant seasonality from 3.0 g:kg−1 in winter to more than 7.0 g:kg−1 in the
summer months (Wypych 2018).

Regarding rising temperatures and the increase inmaximumwater vapour holding
capacity of the atmosphere for recent decades, increasing specific humidity has also
been observed in Central Europe (Fig. 12.1). Without unlimited water supplies,

Fig. 12.1 Specific humidity change over Central Europe—absolute trend for the period 1981–
2018 (g:kg−1/10 years): a winter (DJF), b spring (MAM), c summer (JJA), d autumn (SON). Black
dots—statistically significant trends (α = 0.05)
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the region experiences only a slight increase in moisture, significant particularly
in summer (up to 0.2 g:kg−1 per 10 years) and in autumn (Fig. 12.1). The relative
trend reaches approximately 3% of mean values.

In comparison to spring time, greater water vapour content in autumn as well as a
substantial increase in its amount confirms the significance of evaporation surfaces. In
terms of water heat capacity, water bodies andmoist surfaces are less active in spring,
while in summer or autumn play a significant role, which confirms the significance
of active surfaces in the formation of air humidity.

Relative Humidity

Relative humidity, usually expressed in per cent (RH, %), describes the ratio of
the vapour pressure to the saturation vapour pressure. With increasing temperature
and no external source of water vapour, the decreasing RH indicates drying of the
atmosphere.

Although temporal and spatial differentiation of relative humidity in Poland,
regarding many factors, is more definite than in the case of SH, the annual range
reaches less than 25% and the areal about 6–10%, depending on the season. The
annual distribution of RH confirms the highest values at the seaside (>70%) decres-
cent towards the south (app. 66%), outside of the mountains, where the amount of
water vapour is mostly the same as in the north (Fig. 12.2a).

In Poland, a statistically significant decrease in RH has been observed since the
second half of twentieth century, with the trend value of almost 1% per 10 years
in southeastern part of the country and much less at the sea coast (Fig. 12.2a). The

Fig. 12.2 Relative humidity annual variability and change: amean values (isolines,%) and absolute
trend for the whole period 1951–2018 (%/10 years), b relative trend the whole period 1951–2018
(%/10 years). Black dots—statistically significant trends (α = 0.05)
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relative trend is the highest in central Poland, about 5%of themean,while in the north
and south edges, it does not even reach 2.5%, which confirms the low magnitude of
the change (Fig. 12.2b).

With a general declining trend, long-term variability demonstrates different
change directions in succeeding halves (Fig. 12.3). The example of stations repre-
senting selected PL regions, i.e. Łeba (seaside), Słubice (western PL), Warszawa

Fig. 12.3 Long-term variability of relative humidity at selected meteorological stations: a Łeba,
b Słubice, c Warszawa, d Rzeszów, e Kraków (historical station)—mean annual values (blue)
smoothed by 10-year consecutive average (red); straight lines—linear trends: 1—1863–2018, 2—
1951–2018, 3—1951–1984, 4—1985–2018 (equations located regarding the periods)
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(central PL), Rzeszów (southeastern PL) andKraków (southern Poland, non-standard
historical data series), clearly indicates the impact of geographical location on the
relative humidity course. Long-termRHvariability inWarszawa (Fig. 12.3b), Słubice
(Fig. 12.3c) and Rzeszów (Fig. 12.3d), manifest an increase in relative humidity in
the years 1951–1984.With the exception ofWarszawa, where the trend value reaches
almost 3%, the change is statistically insignificant. An extreme decrease in RH (up
to 2% per decade and 7.5% in 1985–2018 period in Warszawa) can be noticed in the
second half of the analysed period and considerably influences the long-term trend.

The only exception is Kraków, where the systematical drying of the air was
noticed in the years 1951–2018 (more than 9% within the 68-year period). It has
been observed since the beginning of the constant instrumental measurements of
RH, i.e. 1863, with the short period of less than three decades between the years
1910 and 1940 when a significant increase in relative humidity in Kraków occurred,
bringing the final drop of RH about 10.5% in 156 years.

Long-term variability demonstrates not only spatial but also seasonal differentia-
tion. Spring and summer in Poland are characterised by the lowest values of relative
humidity (Figs. 12.4a and 12.5a). The areal mean of the whole country does not
exceed 65%, with central region as the driest one (RH < 60%). The warm half of
the year has been affected also by the most intensive changes in moisture conditions
(Figs. 12.4, 12.5, 12.6, and 12.7). They are statistically significant for the central-
western and southern regions in spring, while in summer the whole country (except
for two stations, Fig. 12.5a) has experienced substantial shift. It has run up to −1%
per 10 years (Figs. 12.4a and 12.5a), whereas the relative trend for the whole period
is the biggest (9% and 8%, respectively) in the centre of Poland (Figs. 12.4b and
12.5b).

Fig. 12.4 Relative humidity variability and change in spring (MAM): a mean values (isolines, %)
and absolute trend for the whole period 1951–2018 (%/10 years), b relative trend the whole period
1951–2018 (%/10 years). Black dots—statistically significant trends (α = 0.05)
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Fig. 12.5 Relative humidity variability and change in summer (JJA): a mean values (isolines, %)
and absolute trend for the whole period 1951–2018 (%/10 years), a relative trend the whole period
1951–2018 (%/10 years). Black dots—statistically significant trends (α = 0.05)

For particular locations, Rzeszów—situated in the southeastern part of the
country—has experienced an almost 7% drop in RH in spring and a little less in
summer (0.8% per 10 years). Themore intensive changewas noticed only in Kraków,
where it reached−13% in spring and−19% in summer in the years 1951–2018,when
the decrease in the first half of the period was more intense than at the turn of the
century (Figs. 12.6e and 12.7e). A similar change pattern, i.e. a steady drop, also
characterises the coastal region (Łeba). Nevertheless, the magnitude of the change
(despite its significance) is inconsiderable. The other stations were afflicted with the
previously mentioned model, where the first half-period displayed a positive trend.
However, for the warm half of the year, this increase is almost imperceptible and
statistically insignificant, and the last decades demonstrated an essential moisture
decrease.

The cold half of the year does not bring any fundamental contribution to the
variability and change in moisture conditions in Poland (Figs. 12.8, 12.9, 12.10,
and 12.11). Although some trends can be noticed, especially in winter, for many
locations, they are insignificant (Fig. 12.8a). For southern Poland, the relative winter
trend reaches negative 5% and confirms tropospheric drying in this season as well
(Fig. 12.8b). What was surprising was the significant change in both half-periods in
autumn inWarszawa (Fig. 12.11c). The opposite sign of the trends (changes of+5.8%
and −7.2%, respectively) resulted statistically as without any significant change.
Nevertheless, the case is worth mentioning as a consequence of some modification
in local conditions.

The same should be indicated regarding Kraków, where almost all the trends are
statistically significant and, considering RH variability within a 156-year period,
confirm the meaningful drying of the lower troposphere above the city (Figs. 12.9e
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Fig. 12.6 Long-term variability of relative humidity at selected meteorological stations: a Łeba,
b Słubice, c Warszawa, d Rzeszów, e Kraków (historical station)—mean spring (MAM) values
(blue) smoothed by 10-year consecutive average (red); straight lines—linear trends: 1—1863–2018,
2—1951–2018, 3—1951–1984, 4—1985–2018 (equations located regarding the periods)
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Fig. 12.7 Long-term variability of relative humidity at selected meteorological stations: a Łeba,
b Słubice, c Warszawa, d Rzeszów, e Kraków (historical station)—mean summer (JJA) values
(blue) smoothed by 10-year consecutive average (red); straight lines—linear trends: 1—1863–2018,
2—1951–2018, 3—1951–1984, 4—1985–2018 (equations located regarding the periods)

and 12.11e). Although the historical station has always been located in the same
place, the surroundings have changed significantly.
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Fig. 12.8 Relative humidity variability and change in winter (DJF): a mean values (isolines, %)
and absolute trend for the whole period 1951–2018 (%/10 years), b relative trend the whole period
1951–2018 (%/10 years). Black dots—statistically significant trends (α = 0.05)

Conclusions

Tropospheric moisture content varies with time and space. Basic processes that
control water vapour content are evaporation, condensation and precipitation. In
the areas of moisture deficit, water vapour transport plays also an important role via
advection and convection processes. Nevertheless, the maximum amount of water
vapour in the atmosphere depends on the air temperature.With increasing air temper-
ature, increasing specific humidity has been observed. Nevertheless, the trendmagni-
tude is lower over the land surface, where the moisture sources are limited (Wypych
and Bochenek 2018; Wypych et al. 2018). Moreover, relative humidity describing
the saturation percentage, decreases because with raising air temperature the amount
of available water vapour is insufficient to execute increasing moisture capacity
(Wypych 2018).

Long-term variability of moisture conditions in Poland confirms the tendencies
proved worldwide. What is more, regional or even local studies have emphasised
that surface humidity may be affected by factors other than rising temperatures.
These include changes in land-use, including irrigation and reservoirs, but espe-
cially enlarged range of built-up areas. Their importance in heat balance affects also
essentially the water cycle, especially saturation deficit with a fundamental regional
or local consequences. It has been proved, especially for spring (March–May) and
summer (June–August), when the moisture shortage is the most evident, with the
most intensive decreasing trends all around the country, particularly in urban areas.
Overall, the situation of perceptible moisture shortage, if not changed, will have
broad scale environmental consequences as well as effects on human health and the
economy.
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Fig. 12.9 Long-term variability of relative humidity at selected meteorological stations: a Łeba,
b Słubice, cWarszawa, d Rzeszów, eKraków (historical station)—mean winter (DJF) values (blue)
smoothed by 10-year consecutive average (red); straight lines—linear trends: 1—1863–2018, 2—
1951–2018, 3—1951–1984, 4—1985–2018 (equations located regarding the periods)
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Fig. 12.10 Relative humidity variability and change in autumn (SON): amean values (isolines, %)
and absolute trend for the whole period 1951–2018 (%/10 years), b relative trend the whole period
1951–2018 (%/10 years). Black dots—statistically significant trends (α = 0.05)
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Fig. 12.11 Long-term variability of relative humidity at selected meteorological stations: a Łeba,
b Słubice, c Warszawa, d Rzeszów, e Kraków (historical station)—mean autumn (SON) values
(blue) smoothed by 10-year consecutive average (red); straight lines—linear trends: 1—1863–2018,
2—1951–2018, 3—1951–1984, 4—1985–2018 (equations located regarding the periods)
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Bryś T (2003) Variability of saturation deficit in Wroclaw in the 20th century and some of its
conditions. In: Pyka JL, Dubicka M, Szczepankiewicz-Szmyrka A, Sobik M, Błaś M (eds) Man
and climate in the 20th century. Studia Geograficzne, Uniwersytet Wrocławski, 75, pp 203–215

DaiA (2006) Recent climatology, variability, and trends in global surface humidity. J Clim 19:3589–
3606

Dubaniewicz H (1977) Wpływ miasta na kształtowanie się wilgotności powietrza obszarów
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Chapter 13
Precipitation Change

Ewa Łupikasza and Łukasz Małarzewski

Abstract This chapter focuses on trends in annual, seasonal and monthly precip-
itation totals and frequency based on 52 series of daily precipitation covering the
period 1951–2018. Trends in precipitation indices between 1951 and 2018 were
rarely statistically significant. The temporal course of precipitation characteristics
was rather dominated by fluctuation and altering dry andwet decades which occurred
more or less simultaneously in spring and autumn— the wet periods included the
1960s, 1970s and the second half of 1990s and were separated by dry period in the
1980s and in the early 1990s. Spatial distribution of trend direction in precipitation
totals was not entirely consistent with the distribution of trends in the corresponding
precipitation frequency. In spring, precipitation totals were increasing faster than its
frequency, indicating some increase in precipitation intensity in northern Poland.
In southwestern Poland, spring precipitation totals were lowering. In summer, the
spatial pattern of trends was complicated, which may result from more frequent
condition for free convection compared to other seasons. In autumn, both charac-
teristics increased at most stations. In winter, precipitation totals were significantly
increasing in northern Poland and decreasing in southern Poland. On monthly scale,
March had the highest number of significant trends.

Precipitation Change

Precipitation plays a crucial role in the Earth system triggering many geographical
processes and affecting life. Detection of precipitation trends is problematic due
to its great variability, which is an inherent feature of this climate element. The
comprehensive revision of the studies on precipitation in the historical context can
be found in Przybylak et al. (2010). The longest chronological series of precip-
itation are available for Wrocław from 1799 (Pyka 2003), Warsaw from 1813
(Gorczyński 1912; Marciniak and Kożuchowski 1990), and Cracow from August
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1894 (Trepińska 1997; Twardosz 1997; Twardosz and Cebulska 2009). The obser-
vations of precipitation types in Cracow started earlier in 1792 (Twardosz 1999).
Initial research on precipitation in all of Poland focused on its intra-annual course
(Kosińska-Bartnicka 1927) and probability of the occurrence of dry and wet years in
1900–1950 (Kaczorowska 1962). Many studies on precipitation changes concerned
small areas or even single locations (Gorczyński 1912; Trepińska 1969; Hohendorf
1970; Kożuchowski 1985b; Twardosz 1999, 2007; Filipiak 2007). Data fromCracow
shows variability in annual precipitation totals with no significant trends in the nine-
teenth century—the first part of the nineteenth century was found to be wet while the
second part was rather dry (Twardosz 2007). One of the first studies of precipitation
trends in the entire country showed a significant increase in precipitation totals in
February andMay and a decrease in October andMarch between the periods of 1891
and 1930 (Kołodziej 1965; Kożuchowski 1983), and in 1948–1963 over a large terri-
tory of Poland (Kołodziej 1965). The increasing tendencywas also a dominant feature
of precipitation in Poland in the period 1931–1980 (Kożuchowski 1982b; Brazdil
and Kożuchowski 1986). As reported in many later papers, the increasing trend in
precipitation characteristics in Poland was mostly insignificant (e.g. Żmudzka 2002;
Czarnecka and Nidzgorska-Lencewicz 2012; Skowera et al. 2014; Malinowska and
Jakusik 2015). As trends in precipitation strongly depend on the period under consid-
eration, some papers reported spatial variability in trend directions (Zinkiewicz 1970;
Zawora and Ziernicka 2003; Kożuchowski 2013; Skowera et al. 2014), decreasing
trends in some seasonal precipitation indices or fluctuations and oscillation as a
dominant feature in long-term series (Kożuchowski 1982a, 1985a; Przedpełska 1993;
Kirschenstein 2005; Skowera et al. 2014). The oscillations in seasonal and annual
precipitation series in Poland were of short-term nature, i.e. between 2 and 4 years
(Kożuchowski 1985a;Miętus 1996;Kożuchowski and Żmudzka 2003).Moreover, no
significant trendswere found in the long-termcourse of extremeprecipitation indices.
It is, however, worth mentioning that increases dominated among these insignificant
trends (Pinskwar et al. 2019). Nevertheless, some significant changes in precipitation
extremeswere reported for short-term trends—calculated formoving 30-year periods
orwhen the origin of precipitationwas accounted for. These changesmainly included
decreases in summer extreme precipitation. Persistent increasing trends in moving
30-year periods were recorded sporadically. Spatial patterns of trend directions in
spring showed the most complex pattern of all seasons (Łupikasza 2010; Łupikasza
et al. 2011). Degirmendžić and Kożuchowski (2017) performed a detailed study
on the occurrence and changes in precipitation of Mediterranean origin in Poland
(MCP), which are classified as extreme events. Although occurring rarely (2% prob-
ability of occurrence a year), precipitation ofMediterranean origin constitutes almost
10% of the annual total in Poland. In the period 1958–2008, the declining share of
MCP in total precipitation was found in Poland. Mean annual and seasonal precipita-
tion ofMediterranean origin was concluded to decrease significantly in mountainous
areas. In the lowlands, these changes proved to be insignificant, except for winter.
Although insignificant, decreasing trends in the frequency of MCP in combination
with no changes in its intensity indicates the possible increase in MCP efficiency
(Degirmendžić and Kożuchowski 2017).
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Data and Methods

In this chapter, the focus is on trends in basic annual, seasonal and monthly char-
acteristics of precipitation, including its totals and frequency (number of days with
precipitation) based on data covering the period 1951–2018. The maps of precipita-
tion characteristics found in this chapter present a highly generalised picture resulting
from only 52 stations used in this study. The real distributions of both precipitation
totals and frequency are more complicated due to its dependence on many factors
of various scales with the relief playing a significant role in topographically variable
areas. Since precipitation is not normally distributed, the Mann-Kendall method was
used to test statistical significance of trends while the rate of trends was calculated
with Sen’s slop method. The maps in this chapter show the statistical significance of
trends (using the threshold α ≤ 0.05 for significant trends and α ≤ 0.1 for weakly
significant trends) and relative trends expressed as the percentage of the average
(1951–2018) index value for each station. Trends were calculated as change per
decade.

Total Precipitation

Annually, the territory of Poland receives c.a. 640 mm of precipitation on average
(1951–2018, averaged over all stations). Its spatial distribution strongly depends on
the relief, and thus the driest are the lowlands, running through the central part of
the country from west to east, and the wettest are the mountainous areas located on
the southern fringes (Fig. 13.1). The lowest annual precipitation is measured in the
Great Poland Lowlands and Kujawy region (e.g. 503 mm in Kalisz), where, in the
driest years, the annual total may drop below 300mm (Chomicz 1977; Paszyński and
Niedźwiedź 1991). Low precipitation totals were explained by the location of the
Great Poland Lowlands in the shadow of the Pomeranian Lakeland with respect to
westerlies or the smoothness of the ground surface resulting from the lack of forests
(Paszyński 1955) or gradual transformation into steppe (Lambor 1954). However,
it occurred that last of these theories failed to be true. In mountainous areas, the
relation between relief and precipitation is the strongest. Therefore, the highest totals
are measured at the Kasprowy Wierch station (1760 mm).

Long-term variability in annual precipitation totals shown in Fig. 13.2 indicated
the wetter conditions in 1960s and 1970s, when the highest annual totals exceeded
750 mm (1966, 1970, 1974), and since the mid-1990s. When the mountain stations
(Śnieżka, KasprowyWierch) and Zakopane were excluded, the annual total lowered
to 597.5 mm. The average annual precipitation total has not been changing consid-
erably in Poland as it is indicated by the values delivered by other authors, e.g.
605(±8) mm for 1901–1980 (Jokiel and Kożuchowski 1989), 601 mm for 1891–
1990 and 606 mm for 1951–1970 (Zawora et al. 2000/2001), 590 mm for a 50-year
period (Kożuchowski and Żmudzka 2003).
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Fig. 13.1 Annual precipitation totals in Poland in the period 1951–2018: a spatial distribution of
precipitation totals [mm], b coefficient of variability [%], c statistical significance and direction of
trends, d relative trends [%]

The record precipitation in the country series was in 2010 (849 mm). In contrast,
dry years were those in 1980s and 1990s (Fig. 13.2). Considering station data, the
annual precipitation varied between 259 mm in 2015 (Kalisz) and 2600 mm in 2001
(KasprowyWierch). The coefficient of variability, ranging between 15 and 22%, was
usually the highest in the driest parts of Poland and in southeastern region.

Although spatial distributionof theMann-Kendall trends showedquite clear domi-
nance of precipitation increases in the northern part and decreases in the southern
part of Poland (Fig. 13.1d), most of these trends were statistically insignificant;
except for single stations in central (5 stations), northwestern (2 stations) and south-
western (2 stations) Poland (Fig. 13.1c). The rate of significant positive trends varied
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Fig. 13.2 Long-term variability in annual precipitation totals in Poland calculated as arithmetical
average from station series, 1951–2018

between+12.9 and+17.7mmper decade and negative between –59.0 and –17.6mm
per decade. According to Kożuchowski (2013), the current climate warming may
contribute to moisture deficits in the already driest part of Central Poland, where,
except for downward trends in precipitation, also increases in air temperature are
present, which results in increased evapotranspiration.

In Poland, there is clear seasonality in precipitation distribution throughout the
year. Figure 13.3 shows box-plots for seasonal and monthly totals and its contribu-
tion to the annual precipitation total. The summer maximum and winter minimum
of precipitation indicate the domination of the continental influences on the precip-
itation regime. However, the prevalence of autumn over spring precipitation is a
manifestation of the maritime influences (Fig. 13.3). On average in summer, Poland
receives c.a. 239mm that constitute c.a. 40%of annual total. In the lowlands, summer
totals are lower than 220 mm, and they slightly increase to the north and much faster
to the south. The maximum summer precipitation at mountain stations is as high as
379mm at Śnieżka and 621mm at KasprowyWierch. Summer precipitation twice or
three times exceeds winter precipitation (DJF) that constitutes at most 20% of annual
total (Fig. 13.3c). The month with the lowest monthly totals is February (Fig. 13.3d).

The country series of summer precipitation shows no clear tendency, however
some features are possible to be identified, i.e. the dry periods in the 1980s and in
the first half of the 1990s, a wider range of variability before the mid-1980s with
the maximum in 1960 (351 mm), and a smaller range of variability, mostly due to
higher totals in dry years since the second half of the 1990s, except for 2015 when
the lowest total of 131 mm occurred (Fig. 13.6b).

Summer precipitation trends reveal the lowest spatial order of all seasons. Less
coherent pattern of summer precipitation trends may be due to more frequent free
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Fig. 13.3 Variability in annual course of precipitation totals in Poland, a seasonal precipita-
tion totals, b monthly precipitation totals, c percentage of precipitation totals falling in seasons,
d percentage of precipitation totals falling in particular months, red cross—arithmetical average,
line in box—median, box—the quartiles, whiskers—outliers limit

convection that is of a local nature. However, southwestern Poland may be pointed
out as an area with uniform but insignificant decreases in precipitation totals. The
relative magnitudes of these negative trends equalled at most 2% of the long-term
average at a majority of the stations. In the eastern part of Poland, relative trends
were even smaller, varying between −0.5 and +0.5% of the long-term average. In
principle, no station experienced a significant change in summer precipitation totals.
At two stations, trends were weakly significant (Fig. 13.4c, d). At other stations, no
changes or increasing trends dominated.

In spring, most of Poland received between more than 100 and 130 mm. The
lowest summer totals are usually measured in the Great Poland Lowlands. At moun-
tain stations in spring, precipitation was lower by 103 mm (Śnieżka) and 197 mm
(KasprowyWierch) compared to summer totals (Figs. 13.5a and 13.4a). The highest
coefficient of variability covered the central part of the country (Fig. 13.5b). The
long-term course of country series of spring precipitation totals in Fig. 13.6a indi-
cates 2010 as the wettest and 1982 as the driest years in the series. In 1960s and
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Fig. 13.4 Summer precipitation totals in Poland in the period 1951–2018: a spatial distribution of
precipitation totals [mm], b coefficient of variability [%], c statistical significance and direction of
trends, d relative trends [%]

1990s, spring precipitation was clearly higher than the long-term average. The dry
period with totals lower than average lasted much longer compared to other seasons,
i.e. from the early 1970s to the early 1990s. Taking station data into consideration, the
extreme spring precipitation totals involved the Warszawa-Bielany station in 1953
(35 mm) and Kasprowy Wierch in 1978 (721 mm). In the starting two decades,
year-to-year variability in spring precipitation was greater than in succeeding years
(Fig. 13.6a). There is a clear order in spatial distribution of trend directions that indi-
cates southwestern Poland as an area of decreasing spring precipitation; however,
these changes are mostly insignificant. In the other regions, spring precipitation was
increasing with several significant trends, mainly in eastern Poland (Fig. 13.5c). The
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Fig. 13.5 Spring precipitation totals in Poland in the period 1951–2018: a spatial distribution of
precipitation totals [mm], b coefficient of variability [%], c statistical significance and direction of
trends, d relative trends [%]

rate of the significant increasing trends varied between +4.6 mm and +7.6 mm per
decade.

In autumn andwinter, the contrast between precipitation totals in northwestern and
central Poland was bigger than in spring and summer. This contrast is related to low-
pressure systems moving from the Atlantic Ocean more frequently in cold part of the
year, crossing the Baltic Sea and influencing weather conditions of northern, partic-
ularly northwestern, Poland. However, in autumn, the range of spatial variability in
precipitation totals was lower than in spring and summer. Like in other seasons, the
country series showed two periods of increased and one short period of decreased
precipitation with respect to long-term average. The wet periods included the 1960s,
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Fig. 13.6 Long-term variability in seasonal precipitation totals in Poland (a spring, b summer,
c autumn, d winter) calculated as arithmetical averages from station series, 1951–2018

1970s and 1990s, while the dry period included the 1980s. Since the beginning of the
2000s, autumn precipitation has been close to the average conditions (Fig. 13.6c).
Interestingly, the extreme years both occurred at the beginning of the research period
in the 1950s: 1959 with 55mm and 1952 with 275mm. According to the station data,
the wetter conditions occurred in 1964 (748 mm, KasprowyWierch) and the driest in
2011 (17 mm,Warszawa Okęcie). A majority of trends in autumn precipitation were
positive but insignificant. The rate of relative trends was the fastest in southeastern
Poland, but a significant increase at the rate of +7.7 to +21.0 mm per decade only
occurred at a few stations in the central part of southern Poland. Positive trends were
rare and spread in between negative ones with no clear order (Fig. 13.7c, d).

In winter, the range of spatial variability in precipitation totals was almost half
as much as in other seasons when excluding mountain stations (from 74 mm in
Kłodzko to 141 mm in Bielsko-Biała). The country series of winter precipitation
totals revealed no clear wet and dry periods except for the pentad at the beginning of
the twenty-first century that was slightly more abundant in precipitation compared
to the average conditions (Fig. 13.6d). This period included the wettest season in the
series—2006/2007 with country average of 189 mm. The driest season was that in
1981/1982 with precipitation as low as 54 mm. Based on station data, the extremes
occurred in 1964 (643 mm, Kasprowy Wierch) and 1996 (23 mm, Siedlce). The
stations in central Poland revealed the highest variability (Fig. 13.8b). Winter is the
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Fig. 13.7 Autumn precipitation totals in Poland in the period 1951–2018: a spatial distribution of
precipitation totals [mm], b coefficient of variability [%], c statistical significance and direction of
trends, d relative trends [%]

season with the highest number of significant trends in precipitation totals, mainly at
stations in the northern part of Poland (Fig. 13.8c). The rate of the significant trends
varied between +3.4 mm and +6.3 mm per decade. The relative trends showed that
at many stations increases were as big as >5% of the long-term average of winter
precipitation (Fig. 13.8d). The uniformdecrease inwinter precipitation totals covered
the south of Poland with only single significant trends (Fig. 13.8c, d).

Furthermore, monthly trends in precipitation totals were also rarely significant.
The number of stations with significant positive trends was almost twice as high as
negative, but no clear pattern throughout the year was possible to identify (Fig. 13.9).
The highest number of positive trends in winter precipitation was confirmed by the
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Fig. 13.8 Winter precipitation totals in Poland in the period 1951–2018: a spatial distribution of
precipitation totals [mm], b coefficient of variability [%], c statistical significance and direction of
trends, d relative trends [%]

number of significant increases in December and January, which were higher than in
other months. However, the maximum frequency was found in March (21 meteoro-
logical stations with significant trends); which was also concluded by Degirmendžić
et al. (2004). In most cases, the rate of these trends varied between 2–3 mm per
decade and occurred in northwestern and central Poland (Fig. 13.9a, b). In addition,
significant negative monthly trends were extremely rare with the maximum of five
stations in April.
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Number of Days with Precipitation

Spatial distribution of the frequency of precipitation in Poland in general followed
that of precipitation totals. On an annual scale, the lowest number of days with
precipitation occurred in the belt stretching from west to east in central Poland (less
than 160 days), with a minimum of 145 days at Szepietowo station located in the
northeast of this belt (Fig. 13.10a). These numbers increased to the north and south
of Poland, reaching the maximum of 241 and 227 days at the mountain stations of
Śnieżka and Kasprowy Wierch (Fig. 13.10a). High values of variability coefficient
in annual number of days with precipitation cover large swaths of western Poland
and its northeastern counterpart. The country series of annual number of days with
precipitation showed no significant changes. Both the highest and the lowest values of
the index occurred in the first part of the research period, i.e. in 1959 (128 days) and in
1970 (200 days) (Fig. 13.11). During the first two decades, therewas a slight tendency
rather than significant trend to increase in the frequency of annual precipitation, but
in the following years, the moving average (solid dark line) fluctuated around the
long-term average. Since 2000, a slight decrease can be noticed. Considering the
station series, the highest and lowest number of days with precipitation occurred,
respectively, in 1970 (282 days, Śnieżka) and 1959 (89 days, Opole). Like in case of
precipitation totals, most of the trends in annual number of days with precipitation
were statistically insignificant. The significant ones, if any, were only positive trends
at single stations in central and southwestern parts of eastern Poland. In the central
part of southern Poland, the relative magnitude of trends was as small as ±0.5 day
per decade (Fig. 13.10c, d).

Seasonal and monthly distributions of the precipitation frequency demonstrate
different patterns compared to precipitation totals. Although winter had the lowest
precipitation totals, it was themost highestwith respect to the precipitation frequency,
constituting on average almost 29% of annual number of days with precipitation
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Fig. 13.10 Annual number of days with precipitation in Poland in the period 1951–2018: a spatial
distribution of precipitation totals [mm], b coefficient of variability [%], c statistical significance
and direction of trends, grey dots in the map “c” are for 0 trend rates, d relative trends [%]

(Fig. 13.12a, c). This means that winter precipitation was the least efficient of all
seasons. Of all winter months, December was the most rainy; in January the number
of days with precipitation was slightly lower than in December. In summer and
spring, the number of days with precipitation was almost the same (c.a. 40 days)
but the range of spatial variability in spring was clearly higher than in summer. The
annual course of monthly number of days with precipitation was bimodal, with the
first maximum in December and the secondary in July; the minimums were noted in
April and September (Fig. 13.12b, d).

Spatial distribution of the seasonal precipitation frequency (number of days with
precipitation, NoDPrc), its coefficient of variability and trends are presented in
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Fig. 13.11 Long-term
variability in annual number
of days with precipitation in
Poland calculated as
arithmetical averages from
station series, 1951–2018
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Figs. 13.13, 13.14, 13.15, 13.16, and 13.17. In spring, the precipitation frequency
over large swaths of northern and central Poland did not change significantly, ranging
between 34 and 38 days (Fig. 13.13a). In southern Poland, it increased up to 46 days
and reached 59 days at Śnieżka and 61 days at Kasprowy Wierch. The coefficient
of variability followed the distribution of the number of days with precipitation
(Fig. 13.13b). The long-term course of country series depicted an increase in the
NoDPrc in the first two decades of the research period, due to which in the 1960s
and the first half of the 1970sNoDPrcwas higher than the long-term average. Further-
more, the second period of increased precipitation frequency happened in the 1990s.
Although themoving averagedid not demonstrate a clear change, since themid-1990s

Fig. 13.13 Number of days with spring precipitation in Poland in the period 1951–2018: a spatial
distribution of precipitation totals [mm], b coefficient of variability [%], c statistical significance
and direction of trends, grey dots in the map “c” are for 0 trend rates, d relative trends [%]
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Fig. 13.14 Long-termvariability in seasonal number of dayswith precipitation (a spring,b summer,
c autumn, d winter) in Poland calculated as arithmetical averages from station series, 1951–2018

some decrease in NoDPrc could be noticed when the lowest values are considered.
Since 2013, the frequency of spring precipitation was lower or close to the average.
The lowest and the highest spring precipitation frequencywas noted in 1953 (27 days)
and 1970 (53 days on average in Poland), respectively (Fig. 13.14a).

Trends in the spring number of days with precipitation were practically insignif-
icant, except for two stations in central Poland. Despite insignificant, their spatial
distribution showed a rather ordered pattern that includes the majority of positive
trends in northeast Poland, positive trends distributed along the western margins of
the country and a concentration of trends of a very low rate in southern part of the
country (Fig. 13.13c, b).

In summer, the average number of days with precipitation reached 40 days over
vast areas of Poland. The precipitation frequency was lowest in the central part of
eastern Poland (Fig. 13.15a). The coefficient of variability found its lowest values in
northern Poland, and it was relatively low in the east (Fig. 13.15b). The country series
indicated three periods with elevated NoDPrc, i.e. between themid-1950s and 1960s,
between the second parts of 1970s and 1980s, and in the first decade of the twenty-
first century. The precipitation frequency was lower than average in the second half
of the 1960s, the first half of the 70s, the first half of the 90s. The country series
also revealed temporal changes in the range of variability in the number of days with
summer precipitation. At the end of the 1960s, this range equalled 14 days, and it
was as high as 30 days from the beginning of the 1970s until the end of the twentieth
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Fig. 13.15 Number of days with summer precipitation in Poland in the period 1951–2018: a spatial
distribution of precipitation totals [mm], b coefficient of variability [%], c statistical significance
and direction of trends, grey dots in the map “c” are for 0 trend rates, d relative trends [%]

century. It again diminished to 16 days at the beginning of the twentieth century. The
highest and the lowest number of days with precipitation based on country series
occurred in 1980 (57 days) and in 1983 (27 days) (Fig. 13.14b). In summer, like
in other seasons, significant changes in the NoDPrc were limited to single stations,
most of which were located in the central part of northern Poland (Fig. 13.15c). The
relative rate of these trends exceeded 3% of the average index value (Fig. 13.15d).
Spatial distribution of trends in the summer precipitation frequency shared some
features of the annual distribution, i.e. the domination of the positive trends over
negative mostly in the northeastern part of Poland. In summer, the occurrence of
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Fig. 13.16 Number of days with autumn precipitation in Poland in the period 1951–2018: a spatial
distribution of precipitation totals [mm], b coefficient of variability [%], c statistical significance
and direction of trends, grey dots in the map “c” are for 0 trend rates, d relative trends [%]

negative trends was limited to southern margins of Poland; the weakest trends were
spread in the central and southern part of the country (Fig. 13.15d).

In autumn, the area with a relatively low number of days with precipitation was as
large as in summer, but it was slightly shifted to the south. In this season, the number
of days with precipitation in the north, particularly in northeast, was comparable with
the number in the southern part of the country, excluding themountain stations,where
unvaryingly the maximums were noted (61 days—Śnieżka, 50 days—Kasprowy
Wierch) (Fig. 13.16a). In this season, the highest coefficients of variability were
characteristic of the central and southern parts of eastern Poland (Fig. 13.16b). The
country series of autumn precipitation frequency revealed the most clear temporal
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Fig. 13.17 Number of days with winter precipitation in Poland in the period 1951–2018: a spatial
distribution of precipitation totals [mm], b coefficient of variability [%], c statistical significance
and direction of trends, grey dots in the map “c” are for 0 trend rates, d relative trends [%]

short-term changes. During the initial two decades (the 1950s and 1960s), there was
an apparent increase in the NoDPrec. From the beginning of the 1970s until the end
of the twentieth-century precipitation was noted more frequently than on average,
however, in the middle of this period (1982–1989), there was a sequence of years
with relatively lower frequency of autumn precipitation. Since the beginning of the
twenty-first century, the moving average has showed no noticeable trend, however,
both the highest and the lowest seasonal index values suggest a decrease in the
frequency of autumn precipitation. It is also important to note that since the mid-
1990s relatively low index values have been occurring every 4–5 years (Fig. 13.14c).
The lowest and the highest number of days in the country series were those in 1959
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(22 days) and in 1952 (61 days). In autumn significant trendswere only noted at single
stations in northern and southern Poland. The rate of the significant trends reached
2 days per decade in maximum cases, which is more than 5% of the long-term
average, but such a maximum increase occurred only at single stations. Generally,
although insignificant, increases in the frequency of precipitation dominated, which
in southern Poland occurred to be faster compared to its northern part (Fig. 13.16c,
d).

In general, spatial distribution of the number of days with precipitation in winter
was similar to that of the entire year (Figs. 13.10a and 13.17a). The lowest number
of days with winter precipitation (less than 43 to 46 days) were recorded at the
stations located within the belt stretching in eastern part of Poland from E to W
and in the western part in SW-NE direction. Additionally, the lowest average values
of winter NoDPrec varied between 40 and 66 days (Fig. 13.17a). According to the
country series, the frequency of precipitation in winter underwent the least long-term
changes of all seasons. The moving averages (solid line in Fig. 13.14d) oscillated
around the long-term average. It is interesting that the maximum and minimum
values of the NoDPrec for winter were noted year by year, i.e. in 1980 and 1981,
respectively (Fig. 13.14d). When considering the number of days with winter precip-
itation at particular stations and in particular years, the extreme values ranged from
58 to 102 days (the lowest at stations) in 1980 and from 14 to 31 days (the highest
at stations) in 1981. Although the number of significant trends in winter precipita-
tion frequency was like in other seasons, at many stations the relative trends were
very small, falling within the range of ±0.5% of average index value. These trends
were particularly frequent in the central and eastern part of southern Poland. In the
northern and eastern part of the country, positive trends dominated. The relative rate
of significant trends varied between 1 and 3 days per decade, which in extreme cases
constitute more than 5% of the long-term average index value (Fig. 13.17d).

Intra-annual pattern of monthly trends in the frequency of precipitation showed
that the significant ones, if there were any, were the positive trends (Fig. 13.18).
The maximum number of these trends was found in June and January (15 stations,

Fig. 13.18 Frequency of
trends in monthly number of
days with precipitation in
Poland 1951–2018,
red—negative trends,
blue—positive trends,
light—insignificant trends,
dark—significant trends
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29% of the stations). Significant increasing trends were also found in March (19%
of stations), October and November (12% of stations in each month). Negative
trends were rare and practically insignificant. On the whole, months with no single
significant trends were July, August and September (Fig. 13.18).

Discussion

The results of trend analysis in precipitation totals and frequency did not reveal
significant changes between 1951 and 2018 on both the annual and seasonal scales.
The temporal course of precipitation characteristics is rather dominated by short-
term, i.e. several year-long tendencies or fluctuation and the occurrence of dry and
wet decades, which was also indicated in many previous studies (e.g. Kożuchowski
1982a, 1985a; Przedpełska1993; Żmudzka2002;Kirschenstein 2005;Czarnecka and
Nidzgorska-Lencewicz 2012; Skowera et al. 2014; Malinowska and Jakusik 2015;
Mager et al. 2009). Such dry and wet periods occurred more or less simultaneously
in spring and autumn in the case of both indices—the wet periods included the
1960s, 1970s and the second half of 1990s and were separated by dry period in
the 1980s and in the early 1990s. Similar periods were distinguished in the course
of annual precipitation totals and on the regional scale (e.g. Kożuchowski 1990;
Kirschenstein 2005; Twardosz 2007; Ziernicka-Wojtaszek 2006). In summer, the wet
and dry periods were less clear and not synchronised. The prevalence of fluctuation
with no clear wet and dry periods in the country series of winter precipitation indices
may rise fromopposite trenddirections in the indices in northern and southernPoland.
However, the domination of fluctuations in winter precipitation was also found in
other studies on a local scale (e.g. Twardosz and Cebulska 2009).

Overall, trends in precipitation characteristics are rarely significant compared to
other climate elements, however, patterns in insignificant precipitation trends are
also worthy of attention (Łupikasza 2017). Spatial distribution of trend direction
in precipitation totals was not entirely consistent with the distribution of trends in
the corresponding precipitation frequency, nonetheless, some common features in
each season were possible to identify. These features included an increase in annual
precipitation totals and frequency in northern and central Poland on an annual scale.
In southern Poland, positive trends in the precipitation totals dominated, while no
trends in the precipitation frequency were found at most stations. In spring, precip-
itation totals were increasing much faster than the precipitation frequency, which
may indicate some increase in precipitation intensity, particularly in northern part of
Poland, but with the exception of southwestern Poland, where spring precipitation
totals were lowering. In summer, the spatial pattern of trends in precipitation charac-
teristics was complicated with respect to direction, i.e. was characterised by the least
spatial order, which may result from more frequent conditions for free convection
compared to other seasons. In autumn, the differences in spatial distribution of trends
in precipitation totals and frequency were the least—both characteristics increased
at most stations. In winter, when the number of significant trends was the greatest,
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precipitation totals were significantly increasing in northern Poland and decreasing
in southern Poland. Consideringmonthly precipitation totals—the highest number of
significant changeswas found inMarch, which confirms the results by Szwed (2019).
The increase in the winter precipitation frequency in northern Poland was insignif-
icant and of a very slow rate, while in southern Poland the precipitation frequency
demonstrated neither significant nor insignificant trends. In short, this may indicate
an increase in the intensity of winter precipitation in northern Poland and a decrease
in its intensity in southern part of the country.

Generally, the updated series of precipitation characteristics showed that recent
years did not influence trends in precipitation characteristics in Poland. This study
confirms that long-term trends in precipitation in Poland continue to be insignificant
(e.g. Kożuchowski 1985a; Miętus 1996; Kożuchowski and Żmudzka 2003; Mager
et al. 2009; Czarnecka and Nidzgorska-Lencewicz 2012). As it stems from litera-
ture, trends in extreme precipitation were also insignificant and of various direction
(Łupikasza 2017;Degirmendžić andKożuchowski 2016, 2017; Pinskwar et al. 2019).

Conclusions

In summer, spring and on an annual scale, precipitation totals were decreasing in
southwestern Poland, while in the other parts of Poland there was either a tendency
to increase or no trends were found. In autumn, increasing trends dominated, while
in winter opposite trends were found in northern (increases) and southern Poland
(decreases). Winter was found to have the highest number of significant trends, but
on a monthly scale, trends were most numerous in March.

In terms of the precipitation frequency, positive trends dominated on an annual
scale and in spring and summer, particularly in northern part of the country. Stations
with no trends were often located in southern Poland. In autumn, the precipitation
frequency increased at a great majority of stations. Lastly, the winter precipitation
frequency was increasing in northern and western Poland but with the slowest rate
of all seasons, while most stations in southern Poland experienced no trends in this
precipitation characteristic.
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Kożuchowski K (1985a) Zmienność opadów atmosferycznych w Polsce w stuleciu 1881–1980.
Acta Geographica Lodziensia 48:158
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Chapter 14
Snow Cover Change

Małgorzata Falarz and Ewa Bednorz

Abstract The chapter analyses snow cover data for 60 weather stations in Poland:
52 series for the period 1950/51–2017/18 (68 winter seasons) and eight longer series
of 80 to 104 winter seasons. Two basic characteristics of snow cover were examined:
snow cover duration and seasonal maximum depth of snow cover. The coefficient
of variability and absolute and relative trends per 10 years were investigated. The
most important results of the study are as follows: (1) year-to-year variability of
snow cover duration and its seasonal maximum depth is the largest in regions of
poorest snow cover; (2) the number of days with snow cover during the 68 winter
seasons has a negative time trend throughout Poland (with a minimum of −4 to −5
days for 10 years in north-eastern Poland); this tendency is statistically signifi-
cant in most area of Poland except for the highlands and some parts of the moun-
tainous areas; (3) the relative changes in the number of days with snow cover are
the most significant in regions with a short duration of snow cover (western Poland;
−8 to −10% per 10 years); (4) the maximum depth of snow cover throughout the
considered period revealed a negative trend inmost area of Poland, statistically signif-
icant in the highlands andmountainous areas (−2 to−6%/10y); only in north-eastern
Poland is the trend positive, statistically insignificant, (5) in longer periods (80–104
winter seasons), the snow cover duration andmaximum snow cover depth are charac-
terised by a slight negative or near zero time trend at most weather stations; (6) in the
winter seasons 1969/70 and 1995/96 the longest snow cover duration in most areas
of Poland was recorded, while in the 1939/40 and 1962/63 seasons, the maximum
depth of the snow cover was the highest. The trend values of snow cover duration
in Poland are comparable to similar values averaged over the Northern Hemisphere,
where the duration of the snow season has declined by 5 days per 10 years since the
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winter of 1972/1973. On the other hand, the negative trend of maximum snow cover
depth is not as significant in Poland as the European average, which is −11.4% per
decade.

Introduction

Snowcover is an important climatic variablewhich strongly influences environmental
conditions on a local and global scale. Owing to its physical features—mainly high
albedo, being one of the highest of all natural surfaces, and low conductivity—snow
stronglymodifies the surface–atmosphere energy fluxes (Armstrong and Brun 2008).
Thus, it causes significant changes in the diabatic heating on the Earth’s surface and
strongly affects the air temperature (Cohen 1994). Besides its climatic impact, snow
cover influences the water balance by modifying winter retention, and prepossesses
several branches of human activity, causing different kinds of hazards.

On the other hand, snow cover is a phenomenon strongly determined by climatic
conditions. High sensitivity to changes in temperature and precipitation makes snow
cover a good indicator of climate change. The nature of the impact, however, is
dependent on geographic location, latitude and elevation (Dong and Menzel 2019;
Brown andRobinson 2011). It was ascertained that the European snow cover extent is
primarily temperature dependent and the increasing air temperatures have decreased
snow accumulation and shortened snow cover period in mid-latitudes and at mid-
and low elevations (e.g. Brown and Robinson 2011; Bulygina et al. 2009; Henderson
and Leathers 2010; Ye and Lau 2017). The relation between precipitation variability
and change and the snowpack is less obvious, mostly because temperature largely
controls the snowfall/precipitation ratio (Feng and Hu 2007). Large-scale studies
concerning snow cover duration have noted mostly declining trends in the Northern
Hemisphere (e.g. Brown 2000; Choi et al. 2010; Bulygina et al. 2009). Besides
shortening the snow period, decreases in snow depth were found over Europe as
well, except for in the coldest regions (Fontrodona Bach et al. 2018).

In the mid-latitudes long-term snow cover changes are partly modulated by the
influence of short-term fluctuations associated with variability in atmospheric circu-
lation, which influence winter temperature and precipitation patterns (Ye and Lau
2017; Brown 2019). The role of the predominant winter teleconnection pattern over
the Euro-Atlantic region, i.e. North Atlantic Oscillation (NAO), as a driving factor
is emphasised (i.e. Clark et al. 1999; Bednorz 2002, 2004; Falarz 2007; Ye and Lau
2017). Therefore, although a declining tendency of snow cover is expected in Poland
under the warming climate, a large inter-winter variability makes the clear identi-
fication of snow cover trends difficult. In most studies concerning the second half
of the twentieth century only a slight decreasing trend of snow cover characteristics
in Poland was detected (Falarz 2002, 2004, 2008; Nowosad and Bartoszek 2007;
Czarnecka 2012; Szwed et al. 2017). At the same time, the large variability between
individual seasons and the increasing frequency of mild and snowless winters occur-
ring in a moderate climate zone was emphasised (e.g. Jaagus 1997; Niedźwiecki
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1998). An occurring slight discrepancy between the current general ideas concerning
snow cover tendency, namely, the expectations of a strongly declining trend, and the
results of previous studies make the issue of contemporary changes in snow cover
depth and duration in Poland most relevant.

Data and Methods

The chapter analyses snow cover data for 60 weather stations of the Institute of
Meteorology and Water Management—National Research Institute, i.e. 52 series
for the period 1950/51–2017/18 (68 winter seasons) and eight longer series of 80
(1938/39–2017/18 at Kasprowy Wierch) to 104 (1914/15–2017/18 in Zakopane)
winter seasons. The data originate from everyday snow cover observations at 6 UTC.
A day with snow cover is a day with snow of at least 1 cm depth, covering at least
50% of the observed area. The quality of data was controlled and corrected. The
incomplete series (see Table 3.3 in Chap. 3 Data and Method of Investigation) was
filled in by methods of regression analysis or ratios using data for one to three
neighbouring stations, located in areas of similar snow conditions.

Examination and correction of the homogeneity of the snow cover series are
described in Chap. 4. Homogeneity of Climate Series. Data series for 19 out of
60 weather stations (i.e. 32% of the series) were considered heterogeneous. All
inhomogeneous series were corrected.

Two basic characteristics of snow cover were examined: (1) snow cover duration
(i.e. number of dayswith snow cover in thewinter season) and (2) seasonalmaximum
depth of snow cover (in cm). The period from 1 August to 31 July of the following
year was considered a “snow year” at the high mountain stations (KasprowyWierch,
Śnieżka, Hala Gąsieniowa).

The statistics described in Chap. 3 Data and Method of Investigation (i.e. the
coefficient of variability, absolute and relative trend per 10 years) were used to study
the long-term changes and variability of snow cover. The analysis was carried out
for both the whole multi-year period and its first (1950/51–1983/84) and second half
(1984/85–2017/18).

Number of Days with Snow Cover

The number of days with snow cover in the winter season averaged for the period
1950/51–2017/18 is the lowest in the west of Poland and is below 40 days (with a
minimum of 34 days in Szczecin and Słubice) and rises as it moves east and northeast
to more than 80 days (89 days in Suwałki; Fig. 14.1a). Much longer periods of snow
cover occur in the mountainous areas of southern Poland, where it is observed on
the highest peaks of the Sudeten for more than half the year (187 days on Śnieżka),
and on the peaks of the Tatra Mountains—more than 7 months of the year (220 days
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Fig. 14.1 Variability and change of the snow cover duration: mean values (1950/51–2017/18;
days) (a), coefficient of variability (%) (b), absolute trend for the whole period (1950/51–2017/18;
days/10y) (c), relative trend for the whole period (%/10y) (d), absolute trend for the first half of
the period (1950/51–1983/84; days/10y) (e), relative trend for the first half of the period (%/10y)
(f), absolute trend for the second half of the period (1984/85–2017/18; days/10y) (g), relative trend
for the second half of the period (%/10y) (h). Statistically significant (0.05) trends were shown in
c–h by circles
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on Kasprowy Wierch). The year-to-year variability of snow cover expressed by the
coefficient of variability is the smallest in the mountains, where at the highest peaks
it does not exceed 10% (8% in Kasprowy Wierch), and the largest in the west of
Poland—with values of more than 60% (with a maximum of 67% in Szczecin and
Słubice; Fig. 14.1b). At the eastern borders of Poland, the coefficient of variability
of the number of days with snow cover is 30–35%. The year-to-year snow cover
variability is therefore inversely proportional to its duration in the winter season.

The absolute trend of the number of days with snow cover for the whole investi-
gated period (1950/51–2017/18) is negative throughout Poland, statistically signif-
icant at 33 of the 60 meteorological stations (Fig. 14.1c). An insignificant trend is
observed on the eastern coast, in the highlands and most of the mountainous areas.
In the rest of Poland, the snow cover duration revealed a significant reduction in the
winter season,with aminimumof about−4 to−5 days per 10 years inMazury (north-
eastern Poland). In the highest mountain ranges of Poland, extremely varying trends
are observed: significant negative changes in the higher parts of the Tatra Moun-
tains (Hala Gasienicowa: −2.5 days per 10 years, Kasprowy Wierch: −2.3 days per
10 years) and close to zero in Karkonosze (−0.32 days per 10 years on Sniezka
summit). Changes in snow cover duration expressed in percentages (as a relative
trend per 10 years) give a slightly different view (Fig. 14.1d). In all mountainous
areas they are very small (−0.2 to −1.4% per 10 years in the highest parts of the
Sudeten and Tatra Mountains), moderate in north-eastern Poland (−4 to −6% per
10 years), and significant in areas with a short snow cover duration (western Poland):
−8 to −10% per 10 years (−10%/10 y in Słubice on the western border of Poland).

A look at the trend value of the number of days with snow cover in the two
subperiods of the multi-year period considered leads to the conclusion that the trend
described abovewas not a constant value over time. In thefirst half of the period (i.e. in
the 34-year period 1950/51–1983/84) the snow cover duration was marked by a posi-
tive trend of change in north-western Poland (the coast, Pomorze, Wielkopolska and
western Mazury) and in mountainous areas (Tatra Mountains, Sudeten; Figs. 14.1e,
f). This trend proved to be statistically significant at the Śnieżka summit (+8 days
per 10 years, i.e. 4.2% per 10 years). In the rest of Poland, this characteristic feature
was a slight statistically insignificant negative trend (with a minimum of −8.6% per
10 years in Legnica and−4.2 days per 10 years in Terespol). During the second half
of the period considered (i.e. in the 34-year period 1984/85–2017/18), the number of
days with snow cover revealed a negative tendency throughout Poland (Figs. 14.1g,
h). This trend was statistically significant at the peak of Śnieżka in Karkonosze
(−6.6 days per 10 years, i.e. −3.5% per 10 years) and on Hala Gąsienicowa in
the Tatras (−6.9 days per 10 years, i.e. −3.8% per 10 years). Despite the lack of
statistical significance of trends at other meteorological stations, the values of the
decrease in the number of days with snow cover are rather large: in some regions
they reach−6 and−7 days per 10 years. The relative trend values are also significant
during this period: in Wielkopolska, Nizina Śląska and parts of Pomorze they are
below −10% per 10 years (with a minimum of −14% per 10 years in Poznań).
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Maximum Seasonal Snow Cover Depth

Maximum seasonal snow cover depth averaged for 67 winter seasons varies spatially
in Poland (Fig. 14.2a). It reaches 204 cm at the highest elevation, i.e. Kasprowy
Wierch (1987 m a.s.l.) in the Tatra Mountains and 151 cm on Śnieżka (1603 m a.s.l.)
in the Sudety. Much smaller values are recorded in lowland Poland, where maximum
snow cover depth averaged for the entire study period ranges from 12 cm in the west
to more than 30 cm in the northeast. However, in most of the country, it does not
exceed 25 cm. The amount of snow is changeable fromyear to year and the coefficient
of variability of maximum seasonal snow cover depth exceeds 50% at majority in
most of the study areas (Fig. 14.2b). The coefficient of variability is the highest in
the least snowy lowland regions of western (>70%) and central (>60%) Poland and
takes much lower values in the mountains (<40%). Owing to inter-annual variability,
snow depth during extremely snowy winters on Kasprowy Wierch exceeds 300 cm,
as in seasons 1954/1955, 1961/1962, 1966/1967, 1994/1995 (355 cm), 1999/2000
and 2008/2009, but in some seasons it hardly reaches 100 cm, as in the winters
of 1983/1984 and 2010/2011. On Śnieżka, extreme snow depth exceeding 250 cm
occurred in the winters of 1951/1952 and 1955/1956, while an extremely snow-poor
winter came in 1989/1990, with the maximum snow depth amounting to 38 cm. In
lowland Poland, extreme values of snow cover depth can exceed 80 cm, particularly
in the eastern part. In the exceptionally snowy winters of 1969/1070 and 1978/1979,
snow depth exceeded 50 cm at more than 20 stations, including number of lowland
locations. Since the 1990s, only one winter has occurred, when more than 50 cm of
snow was observed at more than 10 stations (season 2004/2005).

During the entire study period a decreasing trend in the maximum snow cover
depth was observed in a majority of the study areas (Fig. 14.2c, d). However, at some
stations (10 out of 60) the trend was positive; most of these stations were located
in the western part of Mazury lake district, in north-eastern Poland. A negative
trend reached the highest rate of −8 cm/10 years on Śnieżka. However, in most of
Poland it did not exceed −1 cm/10 years. This rate makes the speed of changes by
−2 to −6%/10yrs and in several stations, located mostly in the south, the negative
trend of changes is statistically significant at p = 0.05.

Dividing the period since 1950 into two subperiods, indicated a substantial differ-
ence in trends of snow cover depth in Poland during the two over 30-year-long inter-
vals. In the first 34 years (1950/51–1983/84) almost half of the stations (29 out of
60), mostly located in lowland Poland, experienced an increasing trend of maximum
snow depth, exceptionally exceeding 3 cm/10yrs (Figs. 14.2e, f). Negative trends in
southern Poland were statistically significant only in the mountains and they reached
a rate of more than −20 cm per decade. While positive trends in lowland Poland
reached >12% of snow depth per decade in single locations, negative changes in the
south hardly exceeded −10%/10yrs.

During the succeeding sub-period 1984/85–2017/18, negative trends inmaximum
seasonal snow cover depth were observed over most of Poland (at 43 out of 60
stations). However, they were statistically significant in only two locations in the
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Fig. 14.2 Variability and change of the maximum seasonal snow cover depths: mean values
(1950/51–2017/18; cm) (a), coefficient of variability (%) (b), absolute trend for the whole period
(1950/51–2017/18; cm/10y) (c), relative trend for the whole period (%/10y) (d), absolute trend for
the first half of the period (1950/51–1983/84; cm/10y) (e), relative trend for the first half of the
period (%/10y) (f), absolute trend for the second half of the period (1984/85–2017/18; cm/10y) (g),
relative trend for the second half of the period (%/10y) (h). Statistically significant (0.05) trends
were shown in c–h by circles
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north (Figs. 14.2g, h), where the rate of changes exceeded −3 cm/10yrs. Positive,
but not statistically significant trends appeared in the north-western and southeastern
parts of the country, as well as in single mountainous and submountainous locations.
They did not exceed the rate of 8% per 10 years.

Long-Term Snow Cover Variability and Trends

In the lowland stations the maximum snow depth recorded in winter is strongly
correlated with the duration of snow cover, as it is usually an effect of long-lasting
accumulation of snow. Thus, similar winter seasons can be distinguished as snowy
in terms of maximum snow depth in addition to snow duration. Several winters that
characterised with extremely high maximum seasonal snow depth and/or long snow
cover duration at most of the stations can be listed as being the snowiest in Poland
since the first half of twentieth century (Tables 14.1, 14.2 and Figs. 14.3, 14.4).
Within the analysed long period, the first such winter appeared in 1923/24, when
snow cover lasted more than 100 days in most stations, then 1928/29 followed which
was characterised by thick and long-lasting snow cover. The next snowy winters
appeared during the SecondWorldWar (1939/40, 1940/41 and 1941/41) which were
known as extremely severe in Poland (see Chap. 11 Air Temperature Change). The
1950s appeared to be less snowy, both in terms of snow cover depth and duration,
and the next extreme season came in the beginning of the 1960s, when during the
cold winter of 1962/63 the amount of snow was exceptional and it lasted more than
90 days at most of stations. The 1960s dissolved with a single extremely snowy
season 1969/70. The 1970s were less snowy than the previous decade, however, at
the end of the decade (1978/79) they experienced an exceptional winter seasonwhich
came to be known as “the winter of the century”, mostly due to unusually deep snow
cover. The next two decades revealed a decreasing trend of snow cover occurrence
and only single seasons could be considered very snowy, such as for example the
winters of 1986/1987 or 1995/1996.

There havebeen anumber ofwinter seasons characterised by extremely poor-snow
conditions, namely with a short duration (a dozen or so days in lowland stations) and
a small amount of snow. Due to the large year-to-year variability of snow conditions
they may appear right after the extremely snowy seasons, like the mild 1924/1925
winter after the snowy one of 1923/1924. Extremely snow-poor winters occurred in
1974/1975, 1988/1989, 2014/2015 (both in the terms of snow depth and duration)
and also in 1960/1961 (low number of days with snow cover), as well as 2015/2016.
It is worth noting that during the last several years of the study period only mild or
average winters occurred in Poland and in most locations a declining trend in snow
duration and depth has been observed since 2010/2011.

Snow cover trends in eight stations with a long dataset, i.e. covering from 80
(KasprowyWierch) to 104 (Zakopane) winter seasons, were analyzed (Figs. 14.3 and
14.4). The two stations (KasprowyWierch and Zakopane) represent mountainous or
submountainous climatic conditions, and the remaining six represent the lowland
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Fig. 14.3 Long-term variability of the seasonal number of days with snow cover in stations
ordered from the north to the south of Poland: a Gdynia (sea-side station), period 1924–2017;
bToruń (central Poland); period 1920–2017; c Poznań (western-central Poland), period 1920–2017;
dKalisz (central Poland), period 1922–2017; e Puławy (central-eastern Poland), period 1921–2017;
f Kraków (southern Poland), period 1921–2017; g Zakopane (submountainous station, southern
Poland), period 1914–2017; h Kasprowy Wierch (mountainous station), period 1938–2017. Mean
annual value (blue), 10-year consecutive average (red) and line trend (black) are shown. Only in
Kraków the trend is statistically significant at p = 0.05
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Fig. 14.4 Long-term variability of the maximum seasonal snow cover depth (cm) in stations
ordered from the north to the south of Poland: a Gdynia (sea-side station), period 1924–2017;
bToruń (central Poland); period 1920–2017; c Poznań (western-central Poland), period 1920–2017;
dKalisz (central Poland), period 1922–2017; e Puławy (central-eastern Poland), period 1921–2017;
f Kraków (southern Poland), period 1921–2017; g Zakopane (submountainous station, southern
Poland), period 1914–2017; h Kasprowy Wierch (mountainous station), period 1938–2017. Mean
annual value (blue), 10-year consecutive average (red) and line trend (black) are shown. Trends are
not statistically significant
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part of Poland. In every location negative trends of the seasonal number of days
with snow cover were detected. However, they were statistically significant at p =
0.05 only in Kraków and achieved a rate of−1.7 day/10yrs. The insignificant rate of
long-term decline in the number of days with snow cover in the remaining stations
ranged from −0.4 day/10yrs in Toruń to −1.6 day/10yrs in Kalisz.

Long-term tendencies in maximum snow cover depth appeared to be positive (but
very weak) in Toruń (changes close to zero per 10 yrs) and in other stations they
ranged from approximately−0.6 cm/10yrs in Gdynia to−0.13 cm/10yrs in Poznań.
In a snowy mountainous station i.e. Kasprowy Wierch maximum seasonal snow
cover depth decreased by approximately −6 cm/10yrs.

Discussion and Conclusion

The chapter analyses the variability and trends of two basic snow cover character-
istics: the number of days with snow cover and its maximum depth in the winter
season. The most important results of the study are as follows:

• the year-to-year variability of the snow cover duration and its seasonal maximum
depth is the largest in regions of poorest snow cover (in western Poland the
coefficient of variation is above 60%);

• the number of days with snow cover during the 68 winter seasons (1950/51–
2017/18) has a negative time trend throughout Poland (with a minimum of −4
to −5 days for 10 years in north-eastern Poland); this tendency is statistically
significant in most areas of Poland except for the highlands and some parts of the
mountainous areas;

• the relative changes in the number of dayswith snow cover are themost significant
in regions with a short duration of snow cover (western Poland; −8 to−10% per
10 years);

• the maximum depth of snow cover throughout the considered period revealed a
negative trend in a majority of Poland, statistically significant in the highlands
and in mountainous areas (−2 to −6%/10y); only in north-eastern Poland is the
trend positive, statistically insignificant;

• in longer periods (80 to 104 winter seasons), the snow cover duration and
maximum depth of snow cover are characterised by a slight negative or near
zero time trend at most weather stations; only in Kraków the number of days
with snow cover reveals statistically significant negative tendency (−1,7 days per
10 years);

• in the winter seasons of 1969/70 and 1995/96 the longest snow cover duration in
most areas of Poland was recorded, while in the 1939/40 and 1962/63 seasons,
the maximum depth of the snow cover was the highest.

Considering data from 60 weather stations for the entire winter season refined
the results of the long-term trends of snow cover that were obtained earlier for data
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from 43 stations for December to February by Szwed et al. (2017) and present them
spatially using isolines.

It is significant that the two snow cover characteristics analysed showdifferent and
even opposing tendencies during certain periods in the same area. For example, in the
period 1950/51–2017/18 in north-eastern Poland (Mazury) there is a negative trend
of the snow cover duration, whereas a positive trend of the maximum snow cover
depth. The depth of the snow cover is shapedmainly by the amount of snowfall, while
the snow cover duration in the winter season is largely due to thermal conditions.
All in all, this is the reason for the significant differences in the trends of the two
characteristics analysed in different regions of Poland. This feature of snow cover
variability is significant for the entire area of Northern Eurasia, where significant
increases in winter snow accumulation but a shorter snowmelt season was detected
(Bulygina et al. 2009).

The reason for the statistically significant negative trend of snow cover duration
in Kraków-Obs. UJ in the long-term period (1921/22–2017/18) should be found in
the increasing influence of the urban heat island on the analysed element. The station
was founded in 1792 outside the city limits. The development of Krakow has now
made it so that this place is located in the city centre and under the impact of dense
buildings and increased traffic.

Statistically significant changes in the number of days with the snow cover and its
maximum depth are recorded throughout the period considered also in the areas of
the highest mountain ranges of Poland (Tatra Mountains, Karkonosze), i.e. in areas
where the local (regional) impact of anthropogenic factors is at its minimum.

The negative trend of snow cover found in the investigation based on the data
until 2018 presented in this chapter is much more noticeable than in the results
previously obtained in Poland: until 2013 (Szwed et al. in 2017 show a trend of
snow cover duration, statistically significant at 0.05 at only a few stations), and even
more so until 1998 (Falarz in 2004 presents a statistically insignificant trend of snow
cover duration throughout Poland, with the exception of mountainous areas). This
indicates a progressive negative changes of snow conditions in Poland. Moreover,
the projected seasonal snow cover depth in Poland for both the near (2021–2050)
and far (2071–2100) future is much lower than today (Szwed et al. 2019).

Overall the values of the snow cover duration trends in Poland are comparable to
analogue values averaged over the Northern Hemisphere, where the duration of the
snow season has declined by 5 days per decade since the winter of 1972/1973 (Choi
et al. 2010). On the other hand, the negative trend of maximum snow cover depth
is not as significant in Poland as the European average reaching −11.4%/decade
(Fontrodona Bach et al. 2018). However, similarly to other areas of Europe, the
acceleration of the downward trend has been noted in Poland since the 1980s. Far
greater changes have been recorded in the Arctic, where in the spring snow cover
extend decreased by 46% (Brown et al. 2010).
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Chapter 15
Change of Wind

Joanna Wibig

Abstract The wind was analyzed on the basis of speed and direction data from
three observation times at 41meteorological stations in Poland from 1966–2018. The
average annual and seasonal wind speeds and the incidence of atmospheric calms
were calculated. Wind frequencies from different directions were determined using
a 16-sector wind rose. Particular attention was paid to winds exceeding 8 ms−1.
The seasonal and annual trends of strong winds were counted. The average wind
speed was 3.6 ms−1 and ranged from 1.4 ms−1 in Zakopane to 12 ms−1 on Śnieżka.
On the daily scale, the highest wind speed appeared at noon. In the annual cycle,
the average wind speed at noon was the highest in spring and in the other times in
winter, the lowest was always in summer. Windless weather occurred most often
in the morning (12.3% of observations), less often in the evening (8.3%) and the
least often at noon (3.0%). The long-term average of the highest annual wind speed
oscillated between 8.3 ms−1 in Tarnów and 42.5 ms−1 on Śnieżka. Strong winds
were most often recorded from the west, west southwest and west northwest direc-
tions. In southern Poland it was also the southern direction. The decreasing trends
in annual and seasonal series of wind speed were observed in Poland as well as in
other European countries. A number of authors attribute this trend to an increase in
surface roughness.

Introduction

Wind is one of the basic meteorological and climatological elements determining
the conditions in a given area. In addition to air temperature and humidity, it is also
one of the parameters determining biometeorological conditions. It affects thermal
sensations by increasing discomfort during cold periods or by improving biometeo-
rological conditions during hot periods. It affects the rate of evaporation, thanks to
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which it significantly affects the localwater balance.Despite such a significant impor-
tance of wind, there are relatively few items devoted to it in Polish climatological
literature.

The list of classic publications opens with an article by Bartnicki (1930) about
bottom air currents in Poland based on a 25-year data series from 1886 to 1910.
Further works were created after World War II. Gumiński (1952) presented the first
results of research on the spatial distribution of wind speed and directions based on
measurements from selected meteorological stations in Poland. The analyzed data
series came from before 1945. In the same year, Piasecki’s work (1952) appeared
on the maximum wind speeds in Poland. It was the first publication dealing with the
wind from the point of view of threats to human life and various branches of the
economy, but it only covered the observation period of 11 years from 1928 to 1938.
Parczewski (1960) proposed classification of wind speed in relation to turbulence
generation (Table 15.1). This procedurewould allow connection ofwind study results
with such processes as evaporation, vertical transport of water vapour, formation of
fogs, dew, hoar-frost and rime.

The windwas also one of the elements included in the Polish Climate Atlas (1971,
1973) and in Atlas Rzeczpospolitej Polskiej (Niedźwiedź et al. 1994). It presents the
monthly and annual wind speed percentage distribution for 8 main directions divided
into speed classes based on 30-year data series (1931–1960) for 12 stations, as well
as for the decade of 1951–1960 for another 120 stations. The spatial differentiation
of strong and very strong winds and their frequency dependent on individual types of
atmospheric circulation were analysed by Adamczyk (1996). She used data from 16
meteorological stations from the period 1956–1965 and from three meteorological
times. It was shown that strong and very strong winds occur most frequently in
winter at cyclonal and in spring at anticyclonal types of circulation. The frequency
of moderate, strong and very strong winds was also presented in the Climate Atlas
of elements and phenomena harmful to agriculture (1990). The frequency of wind
with a speed greater than 8 ms−1 was analyzed by Krawczyk (1994) and frequency
of strong and very strong wind was investigated by Stopa-Boryczka (1989) as well as

Table 15.1 Wind speed classification proposed by Parczewski (1960)

Wind speed interval
(ms−1)

Wind speed
subinterval (ms−1)

Word mark of the
wind speed interval

General characteristic of
turbulence

0 0 Calm Absent

>0 − 4 >0 − 2 Very weak Weak

>2 − 4 Weak

>4 − 10 >4 − 7 Moderate Moderate

>7 − 10 Quite strong

>10 − 20 >10 − 15 Strong Strong

>15 − 20 Very strong

>20 >20 Gale Very strong
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Paszyński and Niedźwiedź (1991). Żurański and Jaśpińska (1996) analysed extreme
wind speeds in relation to wind direction for the whole country basing on data
from 23 stations in Poland from the period 1966–1990. The authors considered 12
sectors, each of 30 degrees and showed that the strongest winds blow from the
western sectors. Wind velocities for the sectors from northern through eastern to
southern were much weaker than those from the western sector. Spatial distribution
of wind speed in Poland was also analysed byWierzbicki (1968) andWierzbicki and
Bratkowski (1970). Recently, a detailed analysis of winds with maximum speeds in
Polandwas presented by Lorenc (2012). She distinguished three genetically different
meteorological situations that threaten the occurrence of maximum wind velocities
at gusts exceeding 17 ms−1. These are winds associated with general atmospheric
circulation, regional foehn winds and small-scale whirlwinds and squalls. Calms in
Poland were investigated by Parczewski (1974) and Kowalewski (2005).

A number of papers were published on wind conditions in the Carpathian Moun-
tains. Even beforeWorldWar II, Sokołowski’s work (1927) about winds in the Tatras
and Milata’s paper (1936) about the frequency of lower winds and mountain winds
in the Carpathians appeared. Wierczek (1958) used Milata’s data from 1891 to 1910
to depict wind roses in the Carpathian region west of the Biała Dunajec River basin.
Hess (1965) presented wind relations in the Western Carpathians based on a 10-year
observation series (1952–1961) from 89 stations. A special chapter in the mono-
graph on the climate of the Tatra Mountains was devoted to the wind (Otruba and
Wiszniewski 1974). Kożuchowski (1977) wrote about the altitudinal zonation of
anemological relations in the Tatra Mountains. A detailed analysis of wind relations
throughout the Carpathians was made by Niedźwiedź et al. (1985). They used data
from 84 stations from the decade of 1961–1970. Their analysis covered the entire
Polish part of the Carpathians and concerned the incidence of major wind directions,
average speeds, calms and strong winds, maximum wind speeds and daily average
wind speed.

Foehn winds were investigated in various mountain areas. Kwiatkowski (1972,
1975 and 1979) studied them in the Sudetes, Malicki and Michna (1966) in the
Bieszczady, Lewińska (1958) near Rytro and Rymanów, Milata (1936), Stachlewski
(1974) and Ustrnul (1992) in the Polish Carpathians.

Anemometric conditions in northern Poland were studied by Taranowska (1957),
Trzeciak (2001) and Tarnowska (2011). The first one described the occurrence of
wind on the coast, the second one concentrated on storm winds. In the third paper,
an analysis of strong and very strong winds on the Polish Baltic Sea Coast has been
presented. The average wind speed and direction data of eight observations during
the day from the years 1971–1990 from 4 stations was analysed. It showed a greater
share of strong and very strong winds in winter and early spring—mostly from land
directions with a little variation in the frequency of strong wind during the day.
Anemometric conditions in the Warmian-Masurian Lake District were studied by
Grabowski (1996) in 1971–1990 and Pożarska and Grabowski (2015) in 1991–2010.

Wind gusts were studied by Lorenc (1968 and 1996) for the period 1961–1975 and
Kolendowicz et al. (2016) in the period 2001–2015. In the latter paper, wind gust
cases were divided into convective and non-convective ones. The authors showed
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that the highest threat in terms of frequency and strength of peak wind gusts due to
convection occurs in July. Peak wind gusts in a non-convective days are the highest
and the most frequent in January, and are at a minimum during summer.

Several authors investigated wind energy resources in Poland. Lorenc (1992 and
1996) showed, based on data from 55 station in Poland from the period 1966–1990,
that more than 40% of the area of Poland has winds suitable for wind power genera-
tion. The most favored in this respect are: the Slovenian seashore from Świnoujście
to Reda, the Suwałki Region, most of Mazovia, the Silesian and the Beskid Żywiecki
Mts. and the Dynowskie Foothills.

Data

The study uses data from 1951 to 2018 from 41 meteorological stations in Poland
from three observation times: 6, 12 and 18. Data were taken from the archives of the
Polish Institute of Meteorology andWater Management–National Research Institute
(PIMWM-NRI). These are the values of the average wind speed and its direction.
According to the World Meteorological Organization guidelines, the measurements
should be performed using an anemometer placed 10 m above the ground, and the
speed and direction should be 10-minute averages. The wind gauge should be placed
so, that terrain obstacles do not disturb the observation. Table 15.2 shows the location
of anemometers used in this analysis. In addition to the geographical coordinates and
the altitude of the station above sea level, it also includes the height of the anemometer
above the ground. It is usually different from 10 m. In addition, in many cases, this
value changed during the measurement period, therefore the heights given should be
considered as average.

Average Wind Speed

The average annual wind speed in Poland was 3.6 ms−1 and ranged from 1.4 ms−1 in
Zakopane and 1.6ms−1 in Nowy Sącz to 12.1ms−1 on ŚnieżkaMt. (Fig. 15.1).While
Śnieżka Mt. is really the windiest place in Poland, the low wind speed in Zakopane
and Nowy Sącz are probably due to specific location of anemometers. There are
also the places with the highest frequency of calms. Lorenc (1996) reported that
the location of anemometers in Zakopane is incorrect. However, Niedźwiedź et al.
(1985) reported that a low average wind speed and a high frequency of calms are
typical for stations located in the valleys like Zakopane and Nowy Sącz. So it was
decided not to exclude these stations from further analysis.

The spatial distribution of the average wind speed indicates that the largest values,
exceeding the value 4ms−1 are observed on the coast (Łeba 5.0ms−1, Ustka 4.5ms−1,
Hel 4.3ms−1) aswell as inWarszawa (4.0ms−1), onKasprowyWierchMt. (6.7ms−1)
and the aforementioned ŚnieżkaMt. (12.1ms−1). The averagewind speed on Śnieżka
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Table 15.2 Location of meteorological stations together with their geographical position, altitude
and height above the ground

Station Latitude Longitude Altitude (m a.s.l.) Height (m a.g.l.)

Chojnice 53˚43’ 17˚32’ 165 13

Elbląg 54˚10’ 19˚26’ 40 19

Koło 52˚12’ 18˚40’ 115 14

Koszalin 54˚12’ 16˚09’ 32 13

Łeba 54˚45’ 17˚32’ 2 14

Lębork 54˚33’ 17˚45’ 38 12

Olsztyn 53˚46’ 20˚25’ 133 13

Suwałki 54˚08’ 22˚57’ 184 10

Świnoujście 53˚55’ 14˚14’ 6 11

Szczecin 53˚24’ 14˚37’ 1 24

Toruń 53˚02’ 18˚35’ 69 12

Ustka 54˚35’ 16˚52’ 6 20

Białystok 53˚06’ 23˚10’ 148 12

Hel 54˚36’ 18˚49’ 1 23

Bielsko Biała 49˚48’ 19˚00’ 398 20

Gorzów 52˚45’ 15˚49’ 72 13

Jelenia Góra 50˚54’ 15˚48’ 342 16

Kalisz 51˚47’ 18˚05’ 138 15

Kasprowy Wierch Mt. 49˚14’ 19˚59’ 1991 15

Kielce 50˚49’ 20˚42’ 260 15

Kłodzko 50˚26’ 16˚37’ 356 14

Kołobrzeg 54˚11’ 15˚35’ 3 18

Krakow 50˚05’ 19˚48’ 237 11

Legnica 51˚12’ 16˚12’ 122 16

Lesko 49˚28’ 22˚21’ 420 14

Łódź 51˚44’ 19˚24’ 187 12

Lublin 51˚13’ 22˚34’ 238 12

Nowy Sącz 49˚37’ 20˚42’ 292 16

Opole 50˚38’ 17˚58’ 165 14

Poznań 52˚25’ 16˚51’ 83 10

Rzeszów 50˚06’ 22˚03’ 200 16

Siedlce 52˚11’ 22˚15’ 152 12

Słubice 52˚21’ 14˚36’ 21 17

Śnieżka Mt. 50˚44’ 15˚44’ 1603 6

Tarnów 50˚02’ 20˚59’ 209 14

(continued)
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Table 15.2 (continued)

Station Latitude Longitude Altitude (m a.s.l.) Height (m a.g.l.)

Warszawa 52˚10’ 20˚58’ 105 12

Wieluń 51˚13’ 18˚34’ 200 15

Włodawa 51˚33’ 23˚32’ 177 12

Wrocław 51˚06’ 16˚53’ 120 17

Zakopane 49˚18’ 19˚56’ 844 18

Zielona Góra 51˚56’ 15˚32’ 192 13

Fig. 15.1 Average annual wind speed (ms−1) in the period 1966–2018

Mt. is almost twice as high as on Kasprowy Wierch Mt. although Śnieżka Mt. is
significantly lower. This is due to different topographic conditions. Average wind
speed exceeding 3.5ms−1 are observed in northern, central and south-eastern Poland.
Winds with an average speed of less than 3ms−1 occurs in the foothills of the Sudetes
and the Carpathians. Such low average values are probably due to a high frequency
of calms caused by the terrain around the station. In the remaining area the average
wind speed is in the range from 3.0 to 3.5 ms−1.

The average wind speed clearly changes both in the annual and daily cycle
(Fig. 15.2). In the daily cycle the highest average speed, at noon, reaches 4.5 ms−1

on average in Poland. Slightly lower speeds occur in winter and autumn, respectively
4.4 and 4.2 ms−1. In summer, the average wind speed is definitely lower and reaches
only 3.8 ms−1. In the morning and evening, the wind speed is definitely lower than
at noon, and the differences between the morning and the evening are insignificant.
The annual cycle is slightly different. The highest average wind speeds are observed
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Fig. 15.2 Average wind speed in seasons and observation times in the period 1966–2018

in winter (respectively 3.9 and 4.0 ms−1 in the morning and evening), slightly lower
in spring and autumn 3.3 ms−1 in both seasons and both in the morning and evening.
The lowest average wind speeds occur in the morning and evening in summer and
reach 2.7 ms−1 for both.

In the spring, at noon wind speeds in Poland vary from 2.5 ms−1 in Zakopane to
10.4 ms−1 on ŚnieżkaMt. In most of the country the average values exceed 4.0 ms−1,
only in southern Poland they are lower than this value. In the morning and evening,
the spread of the average values is greater. In the morning changes are from 1.1 ms−1

in Tarnów to 12.3 ms−1 on Śnieżka Mt., in the evening from 1.4 ms−1 in Zakopane to
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11.9 ms−1 on Śnieżka Mt. Values lower than 3 ms−1 occur in southern and western
Poland and in the lower reaches of the Vistula. InMałopolska, they fall below 2ms−1

in places.
In the summer, at noon, wind speeds in Poland vary from 1.9 ms−1 in Zakopane to

7.8 ms−1 on Śnieżka Mt. For most of the country, the average values are between 3.0
and 4.0 ms−1, only in the north and in the center of Poland they are higher than this
value and in Małopolska lower than this. In the morning and evening, the spread of
the average values is greater. In the morning, it ranges from 0.9 ms−1 in Nowy Sącz
to 9.9 ms−1 on Śnieżka Mt., in the evening from 0.9 ms−1 in Zakopane to 9.4 ms−1

on Śnieżka Mt. Values higher than 3 ms−1 occur on the sea coast. In Małopolska,
they fall below 2 ms−1 in places.

In the autumn, at noon, wind speeds in Poland vary from 2.0 ms−1 in Zakopane
to 11.3 ms−1 on Śnieżka Mt. In the west, south, the belt from Toruń to Olsztyn and
around Białystok, the average values of wind speed fall below 4.0 ms−1. In the rest of
the country they are higher than this value. In the morning and evening the spread of
the average values is greater. The morning and evening values change from 1.0 ms−1

in Zakopane to 13.1 ms−1 on Śnieżka Mt. The spatial distribution is very similar to
that from the noon observations, however, the values are about 1 ms−1 lower and the
4 ms−1 isoline is replaced by a 3 ms−1 isoline.

In the winter, at noon, wind speeds in Poland vary from od 1.9 ms−1 in Zakopane
to 14.8 ms−1 on Śnieżka Mt. The spatial distribution of the average wind is very
similar to that of autumn; in the west, south, the belt from Toruń to Olsztyn and
around Białystok, the average values of wind speed fall below 4.0 ms−1, in the rest
of the country they are higher than this value. In the morning and evening the spread
of the average values is greater, like in the case of other seasons. In themorning values
change from 1.3 ms−1 in Zakopane to 15.6 ms−1 on Śnieżka Mt., in the evening from
1.4 ms−1 in Zakopane to 15.5 ms−1 on Śnieżka Mt. In almost the whole country, the
average wind speed values range from 3.0 to 4.0 ms−1, only in the central part of the
coast they are slightly higher, and in some places in the south they are lower.

To sum up, the average wind speed at noon is the highest in spring and the lowest
in summer. In the morning and evening, the highest average speeds are observed in
winter, and the lowest in summer. In the daily cycle, the highest speeds are observed
at the noon, while in the morning and evening the spread of average speeds in Poland
is greater than at the noon. The highest average wind speeds are observed on Śnieżka
Mt., followed by Kasprowy Wierch Mt. Apart from the high-mountain region, the
highest wind speeds occur in the central part of the coast (Ustka and Łeba) and central
and north-eastern Poland.

Frequency of Calms

Windless weather is relatively rare in Poland (Table 15.3). Calms are most often
observed in the morning (during 11.26% of observations on average), less often in
the evening (during 8.33% of observations on average) and least often appear at
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Table 15.3 Percentage of
calms in the morning, noon
and evening measurements in
the period 1966–2018

Station Morning Noon Evening

Chojnice 5.80 2.31 4.56

Elbląg 8.29 1.66 3.54

Koło 5.28 1.91 4.35

Koszalin 5.49 1.54 6.24

Łeba 3.67 0.66 3.06

Lębork 17.14 2.99 9.47

Olsztyn 9.13 1.76 6.67

Suwałki 7.03 1.86 5.18

Świnoujście 3.38 0.98 3.55

Szczecin 5.24 1.05 3.12

Toruń 5.56 1.08 5.83

Ustka 0.52 0.21 0.72

Białystok 10.69 2.37 14.1

Hel 1.85 0.82 1.35

Bielsko Biała 7.19 4.53 7.17

Gorzów 6.53 1.84 4.33

Jelenia Góra 34.65 8.33 22.14

Kalisz 5.91 2.51 5.40

Kasprowy Wierch Mt. 3.41 3.12 2.89

Kielce 19.67 2.64 11.12

Kłodzko 31.59 8.38 16.34

Kołobrzeg 3.98 0.95 4.92

Krakow 23.87 5.32 18.60

Legnica 10.35 2.82 4.53

Lesko 17.60 4.78 9.44

Łódź 6.72 1.06 4.87

Lublin 5.58 1.31 7.14

Nowy Sącz 52.92 18.28 38.62

Opole 9.24 3.38 6.34

Poznań 6.79 1.55 5.95

Rzeszów 12.94 3.12 10.90

Siedlce 7.90 1.72 6.79

Słubice 17.35 2.16 11.73

Śnieżka Mt. 1.15 1.38 0.77

Tarnów 22.28 4.95 19.30

Warszawa 4.25 0.89 3.27

Wieluń 3.08 0.79 3.02

(continued)
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Table 15.3 (continued) Station Morning Noon Evening

Włodawa 3.66 1.50 3.46

Wrocław 8.86 2.19 7.10

Zakopane 43.53 10.84 31.84

Zielona Góra 1.75 0.80 1.63

mean 11.26 2.98 8.33

minimum 0.52 0.21 0.72

maximum 52.92 18.28 38.62

noon (on average during 2.98% of observations). In the spatial distribution calms are
the least frequent at seaside stations. At noon, they appear there in less than 1% of
observations (0.21% at Ustka, 0.66% at Łeba, 0.82% at Hel, 0.95% at Kołobrzeg and
0.98% at Świnoujście); in the evening they occur in 0.72–4.92% of observations,
and in the morning in 0.52–3.98% of observations. Most calms were observed at
the stations in Nowy Sącz (52.92, 18.28 and 38.62% in the morning, at noon and
in the evening, respectively), Zakopane (43.53, 10.84 and 31.84% respectively) and
Kłodzko (31.59, 8.38 and 16.34% respectively). These values significantly exceed
those at other stations, because the frequency of calms is strongly dependent on local
topographic conditions. Parczewski (1974) and Niedźwiedź et al. (1985) noted their
increased number in the valleys of the Sudetes and Carpathians. Parczewski (1974)
estimated that the frequency of “atmospheric silence” (calms and winds at <2 ms−1)
in Zakopane exceeds 80%. Niedźwiedź et al. (1985) estimated the incidence of calms
in Nowy Sącz and Zakopane in 1961–1970 at 48% and 47%, respectively.

Frequency of Wind in Different Speed Classes

The incidence of wind in different speed ranges was also studied. According to
Parczewski’s division (Parczewski 1960), four classes were taken into account: weak
wind with a speed not exceeding 4 ms−1, moderate wind with a speed of above
4ms−1 but not exceeding 10ms−1, strongwindwith a speed of above 10ms−1 but not
exceeding 20ms−1 and very strong wind with a speed of above 20ms−1 (Table 15.1).
Wind frequencies in the first three speed ranges at individual observation stations
are shown in Fig. 15.3. In Poland, a weak wind not exceeding speed 4 ms−1 is the
most frequent. Its average frequency in Poland is 59% at noon, and in the morning
and evening 65.5 and 68.8%, respectively. It appears least frequently on Śnieżka
Mt. (13.5% in the morning, 22.1% at noon and 12.5% in the evening), and then on
Kasprowy Wierch Mt. (32.2%, 39.5% and 31.1%, respectively). At other stations,
the frequency of low winds is much higher and ranges from 41.7% to 83.9% in the
morning, from 38.0% to 83.6% at noon and from 52.6% to 84.4% in the evening.
Moderate winds with speeds of 4 to 10 ms−1 are much rarer. Their average frequency
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Fig. 15.3 Frequencies of wind in classes defined by Parczewski (1960) in the morning, at noon
and in the evening observations

in Poland is 35.5% at noon, 20.8% in the morning and only 20.4% in the evening.
Most often, they appear on Kasprowy Wierch Mt. (45.4% in the morning, 40.4% at
noon and 46.7% in the evening), and then on Śnieżka Mt. (29.7%, 30.2% and 30.5%,
respectively). At other stations, the frequency of moderate winds is much lower and
ranges in the morning from 3.0% in Zakopane to 38.4% in Ustka, at noon from 6.7%
in Zakopane to 53.9% in Łeba and in the evening 3.0% in Zakopane to 35.9% at
Hel. Such low values in Zakopane result from a very high frequency of calms and
probably from the incorrect location of the anemometer. Strong winds with speeds
of 10 to 20 ms−1 are very rare. Their average frequency in Poland is 2.0% in the
morning, 2.2% at noon and 2.1% in the evening. Therefore, it is difficult to talk about
the daily cycle of their occurrence. Most often they appear on Śnieżka Mt. (39.6%
in the morning, 34.6% at noon and 35.5% in the evening). Besides Śnieżka Mt. a
10% frequency of strong winds is only exceeded by the station on KasprowyWierch
Mt., where strong wind appears in 18.4% of cases in the morning, 16.2% at noon
and 18.4% in the evening. At other stations, the frequency of strong winds varies
from 0.1 to 7.4%. Very strong winds are extremely rare in Poland. Only on Śnieżka
Mt. there frequency is higher than 10% (15.4% in the morning, 11.7% at noon and
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14.7% in the evening). At other stations, their frequency does not exceed 1%, and at
three-fourths of stations such winds have not been observed at all.

Wind Direction

Wind frequency from individual directions was calculated for each station. The wind
rose was divided into 16 sectors with a span of 22.5 degrees each. The frequency of
silence in most cases did not exceed a few percent, so the average wind frequency of
each sector is just over 6%. Figure 15.4 presents the frequency distribution of wind
from individual sectors at all analyzed stations. In Poland, wind from the western
sector is the most frequent. The median frequency from this direction exceeds 11%,
the maximum value is close to 17%, which is three times higher than the average. For
at least half of the stations, winds from the WSW, S, E and SW sectors also have a
frequency of over 6%. In Poland, winds from the NNE, NE, ENE and NNW sectors
are the least frequent. Out of 41 analyzed stations, at 31 wind most often blows from
the W sector, on four from the S sector. On two stations wind most often blows from
WNW and at the next two from SW. There is one station where wind most often
blows from sector N and another with the most common wind from sector WSW.
Figure 15.5 shows the frequencies of winds blowing from different sectors divided
into speed classes.

Extreme Winds

The long-term average of the highest annual wind speed oscillated in the examined
period between 8.3 ms−1 in Tarnów and 42.5 ms−1 on Śnieżka Mt. (Fig. 15.6).
At only two stations, the long-term average of the highest annual wind speed was
lower than 10 ms−1, i.e., in Tarnów and Białystok. At the same time, at only seven
stations the speed exceeded 15 ms−1. It was in Łeba, Suwałki, Świnoujście, Ustka,
Bielsko-Biała, on KasprowyWierchMt. and ŚnieżkaMt.. Themaximumwind speed
recorded throughout the period considered varied from 13 ms−1 in Zielona Góra and
Tarnów, to 60ms−1 on ŚnieżkaMt. The value 15ms−1 was not exceeded at only three
stations during the period considered: in Białystok, Tarnów and Zielona Góra. At
eight stations the maximum wind speed exceeded 25 ms−1. It was in Łeba, Słubice,
Kalisz, Lesko, Jelenia Góra, Bielsko Biała, Kasprowy Wierch Mt. and Śnieżka Mt..

On the seasonal scale, the lowest maximum wind speed was recorded in summer
(Fig. 15.7). The long-term average of the highest annual wind speed oscillated in
the examined period in summer between 5.7 ms−1 in Zakopane and 30.3 ms−1 on
Śnieżka Mt. At 22 stations, i.e. over 50% of all stations, the long-term average of the
highest summer wind speed was lower than 10 ms−1. At the same time, this speed
exceeded 15 ms−1 only at two stations. It was on KasprowyWierch Mt. and Śnieżka
Mt. The maximum wind speed recorded throughout the studied period varied from
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Fig. 15.4 Box and whiskers graphs showing the distribution of frequencies of winds from 16 main
directions in the period 1966–2018

9 ms−1 in Tarnów to 45 ms−1 on Śnieżka Mt. (Fig. 15.8). The value 15 ms−1 was not
exceeded at 28 stations during the period under consideration. At three stations, the
maximum wind speed exceeded 25 ms−1. It was in Słubice, Kasprowy Wierch Mt.
and Śnieżka Mt.

In the remaining seasons, the maximum wind speeds were similar. In the winter,
the long-term average of the highest annual wind speed fluctuated between 7.5 ms−1

in Tarnów and 40.0 ms−1 on Śnieżka Mt. At seven stations, the long-term average
of the highest annual wind speed was below 10 ms−1. It was in Olsztyn, Białystok,
Zielona Góra, Toruń, Tarnów, Nowy Sącz and Zakopane. At the same time, at four
stations: in Łeba, Bielsko Biała and on Kasprowy Wierch Mt. and Śnieżka Mt., this
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Fig. 15.5 The frequencies of winds from different sectors divided into speed classes at the noon.
Percentage of calms is given in the low right corner of each graph

speed exceeded 15 ms−1. The maximum wind speed recorded throughout the period
varied from 13 ms−1 in Zielona Góra and Tarnów to 50 ms−1 on Śnieżka Mt. At five
stations, in ZielonaGóra, Tarnów,Kołobrzeg, Białystok andToruń, the value 15ms−1

was not exceeded. At six stations, the maximum wind speed exceeded 25 ms−1. It
was in Łeba, Słubice, BielskoBiała, JeleniaGóra, KasprowyWierchMt. and Śnieżka
Mt.

In the spring, the long-term average of the highest annual wind speed oscillated in
the period between 7.5 ms−1 in Tarnów and 37.0 ms−1 on ŚnieżkaMt. At 10 stations,
the long-term average of the highest annual wind speed was below 10 ms−1: in
Kołobrzeg, Białystok, Zielona Góra, GorzówWielkopolski, Toruń, Siedlce, Wieluń,
Tarnów, Nowy Sącz and Zakopane. At the same time, at three stations: in Łeba, on
KasprowyWierchMt. and ŚnieżkaMt., this speed exceeded 15ms−1. Themaximum
wind speed recorded throughout the period varied from 11 ms−1 in Zielona Góra to
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Fig. 15.5 (continued)

60ms−1 on ŚnieżkaMt.. At four stations, in Białystok, Zielona Góra, Nowy Sącz and
Tarnów, the value did not exceeded 15 ms−1. The maximum wind speed exceeded
25 ms−1 only on Kasprowy Wierch Mt. and Śnieżka Mt.

In the autumn, the long-term average of the highest annual wind speed oscillated
between 7.2 ms−1 in Tarnów and 36.0 ms−1 on Śnieżka Mt.. At 11 stations, the
long-term average of the highest annual wind speed was below 10 ms−1. Those were
Kołobrzeg, Olsztyn, Białystok, Zielona Góra, GorzówWielkopolski,Wieluń, Opole,
Kielce, Tarnów, Nowy Sącz and Zakopane. At the same time, at five stations: in Łeba,
Ustka, Bielsko Biała, on KasprowyWierchMt. and Śnieżka Mt., the speed exceeded
15 ms−1. The maximum wind speed recorded throughout the period varied from
13 ms−1 in Tarnów to 50 ms−1 on Śnieżka Mt.. At six stations, in Olsztyn, Białystok,
Zielona Góra, Kielce, Rzeszów and Tarnów, the value did not exceeded 15 ms−1.
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Fig. 15.5 (continued)

The maximum wind speed exceeded 25 ms−1 at five stations: in Słubice, Bielsko
Biała, Lesko, on Kasprowy Wierch Mt. and Śnieżka Mt.

The geographical location of Poland favors the inflow of air from various direc-
tions. The frequency of strong winds is conditioned by the pressure situation, i.e. also
the direction of the air mass inflow. In this part of the work, 8ms−1 was adopted as the
lower limit of strongwind speed. This is a slightly lower value than 10ms−1 proposed
by Parczewski (1960). It was lowered compared to previous considerations, because
in a large area of Poland the frequency of winds with a speed exceeding 10 ms−1 was
rare, and in GorzówWielkopolski they did not occur at all. The occurrence of strong
winds was analyzed in all three observation times together, therefore the maximum
number of such occurrences during a year could reach 1095 (1098 in a leap year). Of
course, this value did not occur at any station; however, on Śnieżka Mt., there were
728 cases per year on average, which means that on average wind above 8 ms−1 was
recorded during two of the three observations per day. At the station on Kasprowy
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Fig. 15.6 The long-term average (on the left) and maximum (on the right) of yearly maximum
wind speed in Poland in the period 1966–2018 in ms−1

Fig. 15.7 The long-term average of seasonal maximum wind speed in Poland in the period 1966–
2018 in ms−1
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Fig. 15.8 The absolute maximum of seasonal maximum wind speed in Poland in the period 1966–
2018 in ms−1

WierchMt., second in the row, there were only 390 such cases in a year. Strongwinds
appeared the least often in Zakopane, where on average only 4 wind cases with a
speed exceeding 8 ms−1 were reported annually.

Figure 15.9 shows the relative frequency of occurrences at each of the analyzed
wind stations with a speed exceeding 8 ms−1. It is clear that some directions were
more privileged than others. For most of the country, winds from the western sector
fromWSW through W to WNW dominated. In Zakopane, Kłodzko and Lesko there
was a clear dominance of the southern sector. Strong winds from this sector consti-
tute over 30% of all cases of strong wind at these stations. On Śnieżka Mt., where
the frequency of winds was highest, the distribution of directions was more even;
such winds were recorded from all directions with the western component. In order
to illustrate the frequency distribution of strong wind directions, all cases where
the frequency of strong winds exceeded 10% were counted and taken on a graph
(Fig. 15.10). In addition, colors indicate cases in which winds were more frequent
than 20, 30 and 40% from a given direction. There is a clear dominance of three
sectors: western W, where at 35 out of 41 stations the frequency of strong winds
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Fig. 15.9 The relative frequencies of strong winds (>8 ms−1) in relation to their directions. The
mean annual number of cases of such winds is given in the low right corner of each graph
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Fig. 15.9 (continued)
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Fig. 15.9 (continued)
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Fig. 15.10 Number of stations with at least 10% of strongwind cases from a given sector (>8ms−1)

exceeded 10% (including 29 with more than 20%, 15 with above 30% and 4 with
above 40%), WSW andWNW (at 29 and 18 stations, respectively). At no station did
the frequency of strong winds exceed 10% for directions NNE and NE. The southern
direction also requires attention. Although only at 8 stations the frequency of strong
winds from this direction exceeded 10%, but at three of them it was as much as 30%,
and at two even more than 40%.

Long-Term Changes of Extreme Wind Speed

An important element of climate change analysis is the search for long-term changes.
In this study, variability of the 75th and 95th percentiles and maximum annual and
seasonal wind speed values were examined. The coefficients of the linear trend
equation were determined using the least squares method, and analyzed using the
Student’s t-test at a significance level of p ≤ 0.05.

For most of Poland, the 75th and 95th percentile values and maximum values are
decreasing (Fig. 15.11). The decreases are small; they do not exceed 0.4 ms−1 per
decade in the case of the 75th percentile, 0.7 ms−1 per decade in the case of the 95th
percentile and 1.0 ms−1 per decade for maximum values in a year. The trends are
statistically significant at 29, 32 and 23 stations out of 41 (75th, 95th percentile and
maximum values in a year, respectively). Increases are recorded on the central coast
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Fig. 15.11 The trend coefficients in ms−1 per decade of yearly 75th percentile, 95th percentile and
yearly maximum wind speed in Poland in the period 1966–2018

(Łeba, Ustka, Lębork), at individual stations in the center (Wieluń, Kalisz) and in
the south (Kraków), but they do not reach the level of statistical significance.

The trends are the weakest in summer as compared to other seasons (Fig. 15.12).
The downward trends apply to almost the entire area of Poland; they are of the same
size as those per year and do not exceed 0.4 ms−1 per decade in the case of the 75th
percentile, 0.7 ms−1 per decade in the case of the 95th percentile and 1.0 ms−1 per
decade for maximum values during summer. They are statistically significant at more
than half of the analyzed stations. Increases are recorded on the coast and in Ustka,
where they are statistically significant.

In the remaining seasons, the downward trends also dominate and are statistically
significant in more than half of Poland (Fig. 15.12). The maximum values are of
similar order to those in summer and throughout the year; however, the area covered
by stronger trends is significantly larger. In all seasons, an increase in wind speed
is observed on the central coast (Łeba, Ustka, Lębork). In all analyzed periods,
the weakest trends occur in the belt extending longitudinally from Ustka through
Kalisz to Opole, and in the belt extending latitudinally fromWrocław throughOpole,
Wieluń, Kielce, Kraków and Rzeszów.

Decreasing trends in annual and seasonal series of wind speed have also been
observed in other countries in Europe. This surprising result has also been presented
in a number of papers fromEurope. Brazdil et al. (2017) andZahradníček et al. (2019)
show it for the Czech Republic; Péliné Németh et al. (2011) for Hungary; Azorin-
Molina et al. (2014, 2016, 2017) for Portugal and Spain; Romanić et al. (2015) for the
Balkans; Minola et al. (2016) for Sweden; Laapas and Venäläinen (2017) for Finland
and Kohler et al. (2018) for Germany. Worldwide wind-stilling has been described
by Roderick et al. (2007) and McVicar et al. (2012). Many authors see the reason
for the increase in surface roughness. This thesis can be confirmed by the fact that,
simultaneously, based on NCEP/NCAR data on zonal and meridional wind velocity
at a height of 10 m above ground level from 35 grids from the period 1951–2005,
Central Europe has witnessed increases in wind speed, as well as in number of days
with strong wind (>8 ms−1), both statistically significant (Araźny et al. 2007).
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Fig. 15.12 The trend in ms−1 per decade of seasonal 75th percentile, 95th percentile and seasonal
maximum wind speed in Poland in the period 1966–2018

Long-Term Changes of Wind Direction

Wind is characterized by two variables: speed and direction. In order to examine how
the wind direction changed in the analyzed period, the frequency of wind appearing
from each of 16 sectors and the frequency of calms were calculated in each year and
season on each station. The number ofwind observations in a given sectorwas divided
by the number of all observations in the season (or year, as appropriate). The least
squares regression coefficients of these frequency series were then calculated. Time
was an independent variable. The statistical significance of trend coefficients was
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Table 15.4 Results of trend analysis in frequencies of wind from different sectors: number of
stations with statistically significant increase in frequency/number of stations with statistically
significant decrease in frequency

Wind direction Winter Spring Summer Autumn Year

N 7/4 2/14 6/5 1/4 6/9

NNE 11/0 6/6 15/1 5/1 13/2

NE 12/0 8/7 11/0 4/3 21/2

ENE 4/1 6/5 8/0 5/2 13/1

E 1/6 4/12 3/4 3/5 4/8

ESE 2/9 3/4 7/4 2/2 12/4

SE 4/9 11/7 5/2 1/1 21/5

SSE 5/7 11/5 9/2 11/2 20/2

S 0/10 4/11 3/6 0/3 7/14

SSW 16/0 10/9 8/5 5/1 14/2

SW 24/2 12/7 9/6 8/1 18/4

WSW 18/1 12/8 5/3 10/2 15/6

W 1/3 7/10 2/16 2/5 1/18

WNW 4/2 14/4 6/9 5/1 15/6

NW 5/1 12/4 5/4 5/0 14/4

NNW 6/1 6/8 4/1 3/0 15/1

Calms 0/30 1/19 1/24 1/28 0/31

analyzed using the Student’s t-test, with p ≤ 0.05 considered significant. Table 15.4
presents the number of statistically significant cases of wind increase/decrease in
individual sectors. It turns out that a significant number of significant changes were
observed. Amazingly, there are more increases. This is a little surprising, because the
number of all observations in each season is constant. It turns out that these increases
are the result of a widespread fall in calms in all seasons. However, a cursory analysis
of these decreases, presented on the example of the station in Kalisz in Fig. 15.13,
indicates that this is the result of multiple changes of instruments, rather than changes
in climatic conditions. The sensitivity of subsequent instruments increased, and the
number of calms observed decreased with this increase.

The second surprising observation is the decrease in the frequency of types E, S
andW, in favor of the frequency of sectors directly adjacent to them. It seems to be a
psychological effect. The observer observed the windmeter indicator fluctuations for
2 or 10min, and then rated the average direction “by eye,” subconsciously more often
choosing the main direction, rather than secondary ones. Currently, wind directions
are averaged automatically; hence, the greater balance between wind frequencies
from neighboring directions.

In this light it is difficult to talk about clear trends of changes in the surface
wind direction. However, it is worth realizing how subjective assessment can affect
observation results.
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Fig. 15.13 Long-term course of relative frequencies (%) of calms at Kalisz
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Summary

Thewindwas analyzed on the basis of speed anddirection data from three observation
times at 41meteorological stations inPoland from1966 to2018.Due to a large change
in the homogeneity of the series caused by the transition fromWild’ anemometers to
cup anemometers, the data from 1951 to 1965 were abandoned. The average annual
and seasonal wind speeds were calculated taking into account three observation
times. The incidence of atmospheric calms was investigated. Wind frequencies from
different directions were determined, taking into account the 16-sector wind rose.
Particular attention was paid to winds exceeding 8 ms−1, the frequency of their
occurrence and directions of air masses inflow during strong winds were examined.
The seasonal and annual trends of strong winds were counted.

The average wind speed in Poland was 3.6 ms−1 and ranged from 1.4 ms−1 in
Zakopane to 12 ms−1 on Śnieżka Mt. In the annual cycle the average wind speed
at noon was the highest in spring and lowest in summer. In the case of the morning
and evening observations, the highest wind speed was observed in winter and the
lowest in summer. In the daily scale, the highest wind appeared at noon. There was no
significant differences between the average wind speed at the morning and evening
observations.

Windless weather was relatively rare in Poland. It appeared the most often in
the morning (12.3% of observations), less often in the evening (8.3%) and the least
often at noon (3.0%). They were extremely rare at the coast (less than 1% of all
observations), and appeared the most often at stations located in mountain valleys:
Zakopane, Kłodzko and Nowy Sącz.

During the analyzed period, winds from the western (W) sector were the most
often observed besides those from the west southwestern (WSW) and southern (S)
sectors. The least frequent wind in Poland was from the north north-east (NNE) and
north-east (NE) directions.

The long-term average of the highest annual wind speed oscillated between
8.3 ms−1 in Tarnów and 42.5 ms−1 on Śnieżka Mt. On the seasonal scale, the lowest
maximum wind speeds were recorded in summer and the highest in spring. Strong
winds were most often recorded from the west (W), west southwest (WSW) and west
northwest (WNW) directions. At several stations in southern Poland it was also the
southern (S) direction.

The decreasing trends in annual and seasonal series of wind speed were observed
in Poland as well as in other European countries. However, a number of authors
attribute this trend to an increase in surface roughness. This thesis can be confirmed
by the fact that simultaneously, based on NCEP/NCAR data on zonal and meridional
wind velocity at a height of 10 m above ground level from 35 grids from the period
1951–2005, Central Europe witnessed increases in wind speed as well as in the
number of days with strong wind (>8 ms−1), both statistically significant (Araźny
et al. 2007).
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Tarnowska K (2011) Wiatry silne na polskim wybrzeżu Morza Bałtyckiego. Prace i Studia
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https://doi.org/10.1175/JCLI-D-15-0636.1
https://doi.org/10.1029/2007GL031166
https://doi.org/10.1002/joc.3981


420 J. Wibig
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Chapter 16
Change of Thunderstorms
and Tornadoes

Zuzanna Bielec-Bąkowska, Mateusz Taszarek, and Leszek Kolendowicz

Abstract In this chapter, on the basis of meteorological observation series from 47
meteorological stations for the years 1951–2018 and data from the Scientific Station
of the Climatology Department of the Jagiellonian University in Kraków for the
years 1901–2018, the analysis of the long-term variability and annual course of the
thunderstorms occurrence in Poland was undertaken. The results of research on the
occurrence of tornadoes in Poland for the years 1810–2018 were also presented,
and the data used in the analysis come from the European Severe Weather Database
(ESWD) and historical sources. Additionally, long-term changes in meteorological
conditions leading to the occurrence of thunderstorms and tornadoes were identified.
For this purpose data from the ERA5 reanalysis were used. The results obtained
revealed that the period of thunderstorm activity during the year became longer
than at the beginning of the periods under consideration and shifts towards the first
months of the year. It was also found that in the period 1951–2018 in the eastern
part of the country can observe signals of an increase in the frequency of days with
thunderstorms, while in the western part trends are rather downward. However, long-
term variability of the thunderstorms occurrence during the period of over 100 years
does not indicate a clear tendency of changes and only in the cool season the trend is
increasing and statistically significant. It was also determine that tornadoes are really
rare phenomena, but always occurring in Poland. Each year, on average 5 weak
tornadoes, 1–2 significant tornadoes (up to F4 in Fujita scale) and 4 waterspouts
are reported. At the same time, it has been shown that with the ongoing climate
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change, environmental conditions are becoming consistently more conducive for
severe convective phenomena occurrence in Poland.

clearpage

Introduction

As in most regions of the world, thunderstorms and tornadoes are considered to be
among themost violentmeteorological phenomena occurring in Poland. Their occur-
rence is often accompanied by significant damage to the natural environment and
human activities. This damage is caused mainly by thunderstorms associated with
lightning, strong gusty winds, heavy rainfall, large hail and tornadoes. However, until
the 1990s, there was little comprehensive research using long series of observations
on the occurrence of thunderstorms and tornadoes in Poland. This gap was filled by
studies conducted after 1990.They focused primarily on the temporal and spatial vari-
ability of thunderstorms (Kolendowicz 1997;Bielec-Bąkowska 2003, 2013; Taszarek
et al. 2015) and tornadoes (Taszarek andBrooks2015), aswell as their synoptic condi-
tions (Kolendowicz 1998, 2005; Bielec-Bąkowska 2002; Kolendowicz et al. 2017).
At the same time, awareness of progressive climate change and related changes in the
occurrence of extreme events increased (IPCC 2013). This awareness promptedmore
detailed analyses of the occurrence of thunderstorms and tornadoes. It was especially
important to check whether, in the light of climate change, conditions conducive to
the formation of convective phenomena are more common (Allen et al. 2014; Seeley
andRomps 2015;Allen 2018) orwhether the number of thunderstorms and tornadoes
is changing over time (Groenemeijer and Kühne 2014; Finney et al. 2018; Taszarek
et al. 2019). It should be noted that both phenomena significantly differ in their inci-
dence, as well as in the sources of data providing information about their occurrence.
For this reason, the analysis of temporal and spatial variability of the occurrence of
tornadoes presented in this paper differs slightly from the climatological aspects of
thunderstorms occurrence.

Data and Methods

The analysis of spatial and temporal variability of thunderstorms occurrence in
Poland was based on meteorological observations from 47 synoptic stations, which
are part of the meteorological station network of IMGW–PIB (Polish Institute of
Meteorology and Water Management—National Research Institute). The data span
the period from 1951 to 2018 (Table 3.3, Fig. 16.1). The data included information on
the occurrence of thunderstorm on a given calendar day. If the thunderstorm occurred
at the turn of days, it was included in both (however, such cases occurred sporad-
ically). The research does not take into account the division of thunderstorms into
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Fig. 16.1 Location of meteorological stations

close and distant events, or their duration. Particular attention was paid to thunder-
storms occurring in the cool half of the year. In the case of several stations, a 2–4-year
gap in observations was present, however, they usually concerned the beginning or
end of the observational period and were related to the transition into automatic
observations or relocation. In such cases, the data from the shorter observational
series were taken into account. The long-term variability was also presented on the
basis of over a 100-year-old Kraków observational series from 1901 to 2018. These
data come from the Scientific Station of the Climatology Department of the Jagiel-
lonian University in Kraków (Kraków Observatory), which has the longest and the
most complete series of meteorological observations and measurements in Poland.

Research on the occurrence of tornadoes in Poland was conducted using infor-
mation about their occurrence in the period from 1810 to 2018 derived from the
European Severe Weather Database (ESWD) and historical sources from the nine-
teenth and twentieth centuries. Press reports and social media were also taken into
account in the analysis and verification of tornado reports.

The study also identified long-term changes in meteorological conditions
leading to the occurrence of thunderstorms and tornadoes. For this purpose,
data from the European Centre for Medium-Range Weather Forecasts (ECMWF)
ERA5 reanalysis (Copernicus Climate Change Service 2017) were used. The data
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with a 0.25° horizontal grid spacing, 137 vertical sigma levels and 1-hour temporal
resolution provide the opportunity to model thunderstorm climatology. In this study
we use ERA5 data covering the period 1979–2018. Based on the previous estimates
performed byTaszarek et al. (2019), a proxy for thunderstorm situation can be defined
whenmixed-layer CAPE exceeds 150 J kg−1 and convective precipitation occurs. For
severe thunderstorms, an additional proxy of WMAXSHEAR (for further details see
Taszarek et al. 2019) exceeding 400m2/s2 is included.We use an additional threshold
value of Significant Tornado Parameter (STP; Thompson et al. 2003) exceeding 1
to define situations with environmental conditions supporting occurrence of torna-
does. The usefulness of STP in studying climatological aspects of tornadoes has been
previously shown by Gensini and Brooks (2018).

Number of Days with Thunderstorms and Tornadoes

Days with Thunderstorms

The number of days with thunderstormswas determined on the basis of data gathered
from47meteorological stations in Poland belonging to the IMGW–PIBnetwork (The
Polish Institute ofMeteorology andWaterManagement, National Research Institute)
from the period 1951–2018 (Fig. 16.1).

Considering a long-term variability of thunderstorms, days with thunderstorms
were most frequently observed in the southeastern part of Poland (over 29 days)
and less frequently on the coast (below 15 days; Fig. 16.2). In particular years, the
number of days ranged from 4 days in Ustka in 1976 to 54 days on KasprowyWierch

Fig. 16.2 The average (a) and maximum (b) annual number of days with thunderstorms in the
period 1951–2018
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in 1963. At 22 stations, the lowest annual number of days with thunderstorms was
lower than or equal to 10. Such low numbers of annual days with thunderstorms
were usually recorded in the northern part of Poland at the beginning of the studied
period, i.e. the 1950s, and in the 2000s. In the southern part of the country, there
were usually no less than 12–18 days with thunderstorms annually. In this region
and in the eastern part of Poland, the largest annual number of days analyzed were
also recorded (above 40 days), while on the coast of the Baltic Sea the highest annual
number of days with thunderstorm reached 26 (Fig. 16.2).

Analysing thunderstorm activity from a seasonal point of view, it was found
that the largest number of days with thunderstorms is observed in summer, with
a maximum in July (on average from 3.7 days in Ustka and Gdańsk to 7.9 days
on Kasprowy Wierch). The frequency of the analysed phenomenon in spring is
higher than in autumn, and it is sporadic in winter (Fig. 16.3). It is worth noting,
however, that at stations located in the northern part of Poland the number of days
with thunderstorms is distinctly lower, but thunderstorms are more often recorded in
the cold half of the year (October–March), accounting for about 7–8% of all cases
at coastal stations.

An analysis of the multiannual data indicates that there is no uniform trend in
Poland regarding the frequency of the analysed phenomenon. Most of the stations
that recorded a decrease in the number of days with thunderstorms were found
northwest of the line connecting Elbląg in the north with the town of Bielsko-
Biała in the south (Fig. 16.4a). An increase in the number of days with thun-
derstorms was observed southeast of this line. The greatest changes (statistically
significant at the confidence level of 0.05) were recorded in Terespol (1.9 days per
10 years), Włodawa (1.5 days) and Kielce (1.7 days). The greatest decrease (statis-
tically significant at p < 0.05) was noted on Śnieżka (−1.2 days), Kasprowy Wierch
(−1.0 days) and in Siedlce (−1.0 days).

Fig. 16.3 The average monthly number of days with thunderstorms at selected stations in Poland
in the period 1951–2018
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Fig. 16.4 Long-term changes in the number of days with thunderstorm in Poland in the period
1951–2018: (a) annual value [day/10 years] and (b) from October to March [day/10 years]

The long-term variability of the number of days with thunderstorms at selected
stations over the years 1951–2018 is shown in Fig. 16.5. This confirms the regu-
larities described above in the value and direction of changes in the frequency of
thunderstorms in Poland. Most of them should only be considered as indications of
an increase or decrease in the number of days with thunderstorms. More pronounced

Fig. 16.5 Long-term variability of days with thunderstorms at the selected meteorological stations
in the period 1951–2018 (number of days e.g. 2015 for the period Oct–Mar means sum of days
from October–December 2015 and from January–March 2016)
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changes mean an increase in the number of thunderstorm days from 0.8 to 1.0, and
even almost to 2.0 days in 10 years, or a decrease at a rate of about 1 day per decade.
It should be noted, however, that the average number of days with thunderstorms on
a country scale is around 24. Although this means a change of approximately 5–10%
of the total annual number of days with thunderstorms, its impact on the environment
is low.

Another characteristic feature of the long-term variability of thunderstorms in
Poland is the increased variability in the number of days with thunderstorms in the
north and also in the east of the country. The coefficient of variation in these regions
over the years 1951–2018 fluctuated around 27–36% (about 31% in Olsztyn and
Świnoujście to 35% in Ustka and Gdańsk and from 27% in Nowy Sącz to 36%
in Terespol). In the central and southern parts of Poland, these values were half
these percentages, reaching 17.1% in Łódź, 18.5% in Jelenia Góra and Rzeszów,
and 19.7% in Warszawa. However, it should be emphasized that the occurrence of
thunderstorms is characterized by significant regional diversity. Their frequency is
affected by the different circulation conditions in particular regions of the country
and the strong influence of the natural features of the particular region. Due to this,
it is difficult to identify longer or shorter periods with a similar number of days with
thunderstorms, even at stations situated close to each other.

As previously mentioned, thunderstorms occur mainly in the warm half of the
year. However, in recent decades there has been a slight increase in their frequency
in the cold period. This is probably related to the change in atmospheric circulation
and the accompanying climate changes, which cause an increase in the frequency
of instability in the atmosphere (see also Sect “Data and Methods”). The average
number of days with thunderstorms in the months from October to March in the
studied period ranged from 0.4 to 1.8 days per decade (Fig. 16.6). The best conditions
for thunderstorms in the cold half of the year occur at the coast and in the south of the

Fig. 16.6 The average (a) and maximum (b) number of days with thunderstorms from October to
March in the period 1951–2018
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country. At the coast, it is the result of the warming influence of the Baltic Sea in the
cold half of the year, whereas in the south of the country impact of the mountains and
highlands as well as the inflow of warmer air from the south through the Moravian
Gate are the most significant. This is also confirmed by the maximum number of
days with thunderstorms in the cold season in particular years. The largest increase
of such days was recorded in Łeba. Eight such days were recorded in this city in
1973, and then 7 days in 1981 (Fig. 16.6). Among the remaining stations, 5 or more
days with thunderstorms were also recorded in Koszalin, Ustka, Mława, Warszawa,
Terespol, Katowice, Kraków and Lesko. This usually occurred 1 or 2 times over a
period of many years. Such a large number of investigated days only occurred in
Łeba and Katowice, 5 and 4 days, respectively. Due to the fact that thunderstorms in
the cold half of the year are rare and their number is small, the increase in the number
of days is small. Apart from northern Poland, an increased number of analysed days
occurred mainly in the years 1980–2007. In most of Poland, the tendency of the
changes described above is not statistically significant (Fig. 16.4b). Exceptions to
this are Gdańsk, Olsztyn, Koło, Terespol, Katowice, Bielsko-Biała and Nowy Sącz,
where there was a slight and statistically significant (p < 0.05) increase in the number
of days with thunderstorms (from about 0.1 to 0.3 days per 10 years). It is worth
noting, however, that there have been indications of an increase in the number of
days with thunderstorms almost all over the country.

The changes described above in the number of days with thunderstorms relate to
a period of 68 years. However, when considering data from other research periods,
including much longer ones, it has been noted that the number of days with thunder-
storms clearly varies depending on the chosen period and region of Poland. However,
analysing changes in the number of days with thunderstorms from long observa-
tional series (1885–2000) it was found that these changes are very small and in most
cases they do not show statistically significant trends (Bielec-Bąkowska 2003). An
example of such changes is the occurrence of thunderstorms at the Scientific Station
of theClimatologyDepartment of the JagiellonianUniversity inKrakow (theKrakow
Observatory) from the period 1901–2018 (Fig. 16.7).

The average annual number of days with thunderstorms recorded at the Kraków
station was 27.4 (Table 16.1). However, for example, in the 1940s and the period
1969–1995, this number was slightly more than 24 days a year, while at the turn of
1930s and in the period 1996–2007 this number reached over 30 days. As a result,
although there has been an increase in the number of days with thunderstorms from
the second half of the twentieth century in southern Poland, in the period 1901–2018,
there were no statistically significant trends of changes. It can be even seen that in
some months the occurrence of thunderstorms decreases and only in the cold half of
the year the trend is increasing and statistically significant (p < 0.05).

Special attention should be drawn to the annual course of the number of days
with thunderstorms. The data shows that not only is the number of thunderstorms
occurring in spring greater than in autumn, but also the largest monthly number of
days with thunderstorms was recorded several times in spring (Table 16.2). It was
also found that from around themid-1970s the period of thunderstorm activity during
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Fig. 16.7 Long-term variability of days with thunderstorms at KrakówObservatorymeteorological
stations in the period 1901–2018 (number of days, e.g. 2015 for the period October–March means
sum of days from October–December 2015 and from January–March 2016)

the year is often longer than in previous years and is shifting towards the first months
of the year.

Days with Tornadoes

The reporting of phenomena such as tornadoes share a number of problems associated
with the lack of witnesses, the lack of evidence (photographs, videos), the lack of
a system to archive events and finally the accuracy of reporting. As pointed out
by Groenemeijer and van Delden (2007), some convective events in Europe are
described as tornadoes instead of wind gusts thanks to a desire to experience a
tornado. In Poland, tornadoes were regarded for a long time by society as a strange
and rare phenomena reserved mainly for the United States (Taszarek and Brooks
2015; Taszarek and Gromadzki 2017). Doswell (2003) described this situation as
a self-fulfilling prophecy in which denying the existence of tornadoes resulted in a
lack of record keeping of such events.

Tornado reports presented in this analysis are derived from the European Severe
Weather Database (ESWD) and cover the period 1810–2018. In total, 361 reports
are included in the analysis (Table 16.3). Among them, about 26% are significant
tornadoes (rated F2–F4 on the Fujita scale), about 60% areweak tornadoes (rated F0–
F1 and unrated due to the lack of information on the damage caused) and about 14%
are waterspouts (tornadoes occurring over the water surface along the coast of the
Baltic Sea). An analysis of these tornado categories in the period 2007–2018 when
the credibility of tornado reporting significantly increased shows a higher percentage
ofwaterspouts (37%) and lower percentages of significant tornadoes (16%) andweak
tornadoes (47%).
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Table 16.2 Long-termvariability of the number of dayswith thunderstorms atKrakówObservatory
meteorological stations in the period 1901–2018

Year
Months

Sum X-III
I II III IV V VI VII VIII IX X XI XII

1901 5 9 6 9 8 37
1902 3 2 7 6 4 1 23 1
1903 2 6 4 6 4 3 1 26 1
1904 2 3 4 4 3 1 1 18 1
1905 2 4 8 12 6 2 34
1906 3 11 5 5 6 3 33
1907 8 4 6 4 1 23
1908 8 4 11 7 30
1909 2 9 5 6 5 27
1910 2 8 12 10 2 34
1911 2 8 4 3 4 2 23 3
1912 1 2 1 9 10 8 3 34
1913 3 8 10 4 5 5 35
1914 4 4 5 10 5 3 31
1915 10 3 6 7 1 27
1916 8 7 7 8 1 31
1917 7 9 7 8 2 1 34 2
1918 1 4 5 4 8 6 2 30
1919 5 2 12 4 2 1 26 1
1920 4 4 2 10 4 2 26 1
1921 1 3 1 4 4 1 1 15 1
1922 1 4 5 5 6 2 23 1
1923 1 1 5 3 3 6 2 1 1 23 4
1924 2 1 11 6 6 4 1 1 1 33 3
1925 1 9 4 12 7 1 34 1
1926 2 5 7 5 3 2 24
1927 2 5 8 12 5 32 1
1928 1 1 5 6 3 6 2 1 25 1
1929 10 4 5 10 1 1 31 2
1930 1 4 5 4 2 3 3 22
1931 1 7 8 2 5 1 24
1932 6 5 9 5 4 2 31 3
1933 1 7 7 2 2 1 20 3
1934 2 6 4 8 9 8 2 39 2
1935 6 3 8 6 2 2 2 29 4
1936 1 1 9 7 9 4 5 36
1937 2 6 4 8 13 2 1 36 2
1938 1 2 7 8 7 1 2 28 2
1939 1 5 9 8 9 1 33 1
1940 1 5 6 6 3 6 27
1941 7 7 8 8 1 1 32 1
1942 2 4 6 10 7 2 1 1 33 2
1943 5 1 5 4 2 2 1 20 3

(continued)
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Table 16.2 (continued)

1944 1 1 1 3 8 4 2 20
1945 7 9 10 3 1 30 1
1946 1 5 10 6 7 29
1947 6 2 7 8 9 3 35
1948 1 8 4 4 2 2 21
1949 1 3 4 5 5 3 21 1
1950 1 3 5 6 6 1 1 23 1
1951 1 2 5 7 6 4 25
1952 2 1 6 5 7 2 1 24 1
1953 1 3 7 10 1 2 24
1954 6 5 3 3 2 19 1
1955 1 1 2 2 11 11 2 1 31 1
1956 3 9 4 6 5 27 1
1957 1 3 2 6 11 4 27
1958 6 4 8 6 3 27
1959 4 7 10 5 26
1960 1 4 7 7 6 2 1 28 2
1961 1 2 9 10 7 4 3 36 1
1962 1 3 4 3 8 3 22
1963 4 10 5 5 3 6 33 1
1964 1 2 5 9 6 4 1 2 30 2
1965 1 5 5 2 2 1 16 1
1966 1 2 5 6 8 4 2 1 29 5
1967 3 1 4 5 10 7 3 33 2
1968 2 4 5 5 5 12 7 40
1969 5 7 5 3 20
1970 6 7 1 5 3 22
1971 9 12 8 3 1 33
1972 2 5 5 4 4 1 21
1973 4 3 3 5 1 1 1 18 2
1974 5 7 7 3 1 23 3
1975 2 1 6 11 3 9 3 2 37 7
1976 4 1 2 3 10 9 4 1 34 1
1977 1 3 5 4 5 3 21
1978 1 5 11 8 5 1 1 32 1
1979 1 7 9 5 2 1 1 26 3
1980 1 1 3 2 6 6 2 21 2
1981 1 1 5 5 8 6 2 2 30 2
1982 3 4 4 5 3 19 2
1983 1 1 1 6 3 5 5 1 23
1984 4 7 5 5 6 2 29 1
1985 1 2 6 4 4 3 1 21 1
1986 1 1 3 6 5 6 1 23 2
1987 1 2 4 6 2 3 18 1
1988 1 1 9 3 3 2 1 1 1 22 2

(continued)
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Table 16.2 (continued)

1989 7 7 9 6 2 1 32 4
1990 1 2 3 5 7 1 5 1 25 1
1991 1 1 2 4 2 5 3 1 19 3
1992 1 1 2 2 4 7 5 1 23 3
1993 3 1 7 9 7 1 1 29 4
1994 1 3 1 7 1 3 6 3 1 26 2
1995 1 1 3 5 4 5 1 20
1996 6 7 7 9 1 1 31 1
1997 2 4 9 10 4 4 1 34 3
1998 1 1 1 5 11 3 2 1 25 3
1999 3 1 5 7 9 2 2 29 3
2000 1 2 1 5 5 5 10 1 30 1
2001 7 2 10 6 2 27 1
2002 1 2 9 9 7 7 1 1 37 2
2003 1 2 7 7 10 5 1 1 34 2
2004 1 1 6 6 9 7 1 31
2005 1 5 7 11 2 2 28 1
2006 1 1 3 6 4 7 1 2 1 26 4
2007 1 9 9 6 7 1 1 34 2
2008 1 5 4 5 5 2 1 23 1
2009 1 8 12 8 29 1
2010 1 4 4 8 8 25
2011 5 5 7 8 6 31
2012 1 3 5 7 2 1 19
2013 1 7 12 3 2 1 1 27 1
2014 5 4 2 11 9 2 2 35 4
2015 2 5 5 7 4 3 26
2016 1 6 10 7 2 2 28 1
2017 1 1 3 5 8 4 2 24
2018 3 3 7 6 7 2 1 29

Table 16.3 Tornado reports used in the analysis

Category Since 1810 Percentage (%) Since 2007 Percentage (%)

Waterspout 51 14.1 48 36.9

Unrated Weak 154 42.7 59.8 28 21.5 46.9

F0 7 1.9 6 4.6

F1 55 15.2 27 20.

F2 Significant 65 18.0 26.0 15 11.5 16.2

F3 25 6.9 6 4.6

F4 4 1.1 0 0.0



434 Z. Bielec-Bąkowska et al.

Fig. 16.8 Spatial distribution of 2 cm+ large hail (left) and tornado (right) reports in 100× 100 km2

boxes (with applied interpolation smoothing), based on ESWD reports between 2007 and 2018

The spatial distribution of tornado occurrence is estimated by taking the number of
tornado situations (a “situation” is considered as a unique hour with a tornado report)
in 100 × 100 km grid boxes over the period 2007–2018 (which is then smoothed
by interpolation). The results indicate that tornadoes are most frequent along the
coast of the Baltic Sea, where an average of 1 tornado (all waterspouts) per 10 km2

is reported each year (Fig. 16.8). Tornadoes occurring over land surface are less
frequent with the reporting density varying from close to zero to one tornado every
two years. Increased tornado frequency can be seen in southeastern Poland.

For comparison, large hail situations (more than 2 cm in diameter) from the
ESWD covering the same period are also presented (Fig. 16.8). It is worth high-
lighting that both tornadoes and large hail are predominantly produced by supercell
thunderstorms. It can be seen that the density of large hail events is on average 4–
7 times higher than tornadoes. Similarly as with tornadoes, the southeastern part
of the country has the highest density of hail events. Overall, these results are in
agreement with the climatological aspects of thunderstorms in Poland pointing to
a peak frequency in southeastern Poland (Bielec-Bąkowska 2003, 2013; Taszarek
et al. 2015).

Based on the records from the twenty-first century (Fig. 16.9), it can be estimated
that on average 5 weak tornadoes, 1–2 significant tornadoes and 4 waterspouts are
reported each year (approximately 10 events per year), which is in line with esti-
mates from Taszarek and Brooks (2015). However, comparing the years 2008 (17
tornadoes including 7 significant) and 2015 (4 tornadoes including 2 waterspouts) it
can be seen that the year-to-year variability is relatively large. Comparing tornado
reports from recent years with data from the nineteenth and twentieth centuries,
it can be seen that significant underestimations were made before the year 2000.
Approximately 15 tornado reports including a few significant reports occurred in
each decade. According to estimates from Taszarek and Gromadzki (2017), these
tornadoes resulted in an average of 5 fatalities per decade indicating that tornadoes
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Fig. 16.9 Decadal (top left), year to year (top right), annual (bottom left) and diurnal (bottom right)
variability of tornadoes in Poland, based on tornado reports between 1810 and 2018

in Poland are rather a rare phenomenon and pose a low risk to society compared
with, for example, the United States (Ashley 2007; Sutter and Simmons 2010). An
analysis of the annual cycle indicates that the period with increased tornado activity
lasts from May until August which coincides with the period of cloud-to-ground
lightning activity in Poland (Taszarek et al. 2015). Tornadoes in Poland also occur
from September to April, but these are very rare events. A tornado has never been
reported in December. Considering a period of 209 years, the highest number of
weak tornadoes occurred in May while significant tornadoes were most frequently
reported in June. Waterspouts have a clearly defined peak in August (Fig. 16.9).

The diurnal cycle of tornadooccurrence coincideswellwith surface-based convec-
tion. Peak tornado occurrence is between 14:00 and 16:00 UTC which is between
16:00 and 18:00 local time in Poland. The highest frequency of significant tornadoes
also occurs between 16:00 and 18:00 UTC. Tornadoes are highly unlikely to occur
over land during the night and in the morning. Waterspouts do not have such a well-
defined diurnal cycle, but they are more likely to form in the morning hours. Their
peak frequency is observed between 10:00 and 12:00 UTC.
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Atmospheric Conditions Leading to the Occurrence
of Thunderstorms and Tornadoes

As mentioned above, tornado reporting in Poland features a strong spatial and
temporal inhomogeneity, therefore identifying long-term changes in their frequency
may not be credible. However, instead of studying tornado reports alone, it is possible
to study long-term changes in atmospheric conditions leading to their occurrence
(Gensini and Brooks 2018). This can be done with the use of reanalysis data. Reanal-
ysis products are generated by the assimilation of almost all available observational
data (e.g. surface observations, satellite information, radiosondes) over a given period
of time. The primary goal of reanalysis is to provide a numerical snapshot of atmo-
spheric conditions that are as close as possible to reality (Thorne and Vose 2010).
In this study, we use ERA5 data covering the period 1979–2018 (Hersbach and
Dee 2016) and three proxies describing environmental conditions supporting the
occurrence of thunderstorms and tornadoes (Table 16.4).

Defined proxies are used to estimate a 40-year (1979–2018) spatial and temporal
pattern in climatology and long-term changes. As can be seen in Fig. 16.10, envi-
ronmental conditions leading to the formation of thunderstorms and severe thunder-
storms are themost frequent in the southeastern part of Poland, which is in agreement
with climatological patterns in lightning and severe weather reports (Taszarek et al.
2019). Estimates of tornado environments show a very low potential in Poland with
only a few hours per year, and therefore no specific spatial pattern can be estab-
lished. It is noteworthy that all threats have a long-term positive trend, indicating
that convective events are becoming more frequent with a globally warming climate,
particularly due to increases in low-level moisture and temperature.

A deeper insight into long-term changes in particular locations is presented in
Fig. 16.11. Statistically significant (p < 0.05) increasing trends of thunderstorm situ-
ations can be seen for Kołobrzeg, Gorzów Wielkopolski, Poznań, Łódź, Wrocław
and Jelenia Góra. The steepest slope occurs in Łódź (more than 10 h per decade).
In addition, a high year-to-year variability of thunderstorm situations can be seen.
Statistically significant increasing trends of severe thunderstorm situations can be
seen for Elbląg, Gorzów Wielkopolski (including the steepest slope with 3.5 h per
decade), Bydgoszcz and Łódź. The environmental conditions supporting tornadic
situations are very rare and usually feature 1 situation per 1–2 years, which confirms

Table 16.4 Proxies for defining situationswith environmental conditions supporting the occurrence
of thunderstorm, severe thunderstorm and tornadic thunderstorm in ERA5 reanalysis

Category Shortcut Threshold values of parameters from ERA5

Thunderstorm TSTM ML CAPE > 150 J/kg, conv. precp > 0.25 mm/h

Severe thunderstorm SVRT ML CAPE > 150 J/kg, conv. precp > 0.25 mm/h,
WMAXSHEAR > 400 m2/s2

Tornadic thunderstorm TORN ML CAPE > 150 J/kg, conv. precp > 0.25 mm/h, Significant
Tornado Parameter > 1
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Fig. 16.10 Annual mean and long-term trends (linear regression) in environmental conditions
supporting development of thunderstorm, severe thunderstorm and tornadic thunderstorm for
selected locations in Poland in the period 1979–2018, based on ERA5 reanalysis

the estimates obtained from an analysis of the tornado reports. Statistically signif-
icant increasing trends can only be seen for Gorzów Wielkopolski and Bydgoszcz.
Overall, no large changes in tornadic environmental conditions can be defined.
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Fig. 16.11 Long-term (1979–2018) trends (linear regression) in environmental conditions
supporting development of thunderstorm (orange), severe thunderstorm (red) and tornadic thun-
derstorm (magenta) for selected locations in Poland, based on ERA5 reanalysis

Concluding Remarks

This research indicates that, despite the observed climate changes, the spatial differ-
entiation of the number of days with thunderstorms and its annual cycle does not
differ significantly from similar characteristics recorded in earlier research periods.
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The least number of days with thunderstorms occurs fromOctober toMarch (usually
less often than once a season). After this period, a rapid increase in the number of
days with thunderstorms is observed in May, and then stabilizes between May and
August, until it quickly drops in October. The largest number of days with thun-
derstorms is observed in summer, with a maximum in July (from 3.7 to 7.9 days).
It should also be noted that the frequency of the analysed phenomenon in spring is
higher than in autumn. It was also found that over the last 40–50 years the period
of thunderstorm activity during the year was often longer than in previous years and
shifts towards the beginning of the convective season.

These regularities are specific formost regions of Europe. Enno et al. (2013) found
this same period to be the maximum for the Baltic countries, Sonnadara et al. (2006)
for Sweden, Schultz et al. (2005) for Austria, Novak and Kyznarova (2011) for the
Czech Republic and Antonescu and Burcea (2010) for Romania. The latest studies
based on lightning detection data also pointed to the period from June to August as
the most prone to thunderstorm occurrence in Europe (Enno et al. 2020; Taszarek
et al. 2019; Poelman et al. 2016).

More pronounced changes were found in the long-term variability of thunder-
storms occurrence in Poland. Long-term thunderstorm activity tendencies in Poland
(1951–2018) indicate that an increase in the frequencyof dayswith thunderstorms can
be observed in the eastern part of the country, and for some stations the changes are
statistically significant. In the western part of Poland, trends of thunderstorm activity
are rather downward. However, such tendencies are rather local and may result from
year-to-year fluctuations of favourable thunderstorm synoptic patterns and changes
in convective-related indices such as lapse rates, boundary layer humidity and wind
shear (Brooks 2013; Seeley and Romps 2015). This is confirmed by the results of the
analysis of the long-term variability of thunderstorm occurrence in Poland in 1885–
2000 (Bielec-Bąkowska 2003) and the occurrence of thunderstorms in Kraków in
1901–2018. They indicate that, in the long-term periodsmentioned above, there were
no statistically significant tendencies of changes and only in the colder half of the
year is the trend increasing and statistically significant.

Studying tornadoes inPolandhas nowbecomepossible thanks to changes that took
place over the last 15 years. These included the significant increase in the exchange
of weather information (e.g. social media, cameras in mobile phones, widespread
access to the Internet), the increase in severe weather monitoring (formation of the
POLRAD radar network), and more systematic efforts to collect severe weather
reports (formation of the European Severe Weather Database). Although with each
year the European tornado database expands, it is still too short a timeframe to derive
reliable conclusions regarding long-term trends and even spatial patterns (given how
rare these events are). Estimates based on reanalysis indicate that together with the
globally warming climate, environmental conditions are becoming consistentlymore
conducive for severe convective thunderstorms in Poland, including tornadoes.

Based on the observational records from the twenty-first century, it can be esti-
mated that on average 5 weak tornadoes, 1–2 significant tornadoes and 4 water-
spouts are reported each year in Poland (approximately 10 events per year). A similar
potential is observed in northeastern United States (e.g.Michigan and Pennsylvania;
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Farney and Dixon 2015), but as confirmed with environmental estimates, Poland has
a relatively low threat of tornadoes. An important addition to our knowledge of the
occurrence of the phenomena in question was the discovery of dozens of historical
tornado cases that took place over the last 200 years in Poland. This finding contra-
dicts the popular statement that “tornadoes in Poland are a new thing and have
become more frequent due to the changing climate”. Historical records indicate that
this phenomenon is not new, but Poland has been and is vulnerable to the occurrence
of devastating tornadoes even up to F4 on the Fujita scale. Although such disasters
are very rare, they are possible as evidenced over the last 200 years.
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na występowanie dni z burzą na obszarze Polski. Wydawnictwo Naukowe UAM, Poznań
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Chapter 17
Change of Hail Frequency

Zuzanna Bielec-Bąkowska

Abstract Data on the number of days with hail from 40 meteorological stations for
the years 1966–2018 and from the Scientific Station of the Climatology Department
of the Jagiellonian University in Kraków for the years 1901–2018 were used in
this study. As a result, it was determined that during analysed periods, from April to
September, the average number of dayswith hail ranges from0.3 to 1.7, and exceed 10
days inmountainous areas. The largest number of dayswith hail mostly is recorded in
the springmonths, and also in the autumnby theBaltic Sea. The spatial differentiation
of the occurrence of hail in Poland and their annual course largely depend on the
impact of local conditions and the meteorological conditions prevailing over a given
area (types of atmospheric circulation, air masses and atmospheric fronts). Except
for a few stations, no significant changes in long-term variability of the number of
days with hail were observed in the period under investigation (1966–2018). Also
in Krakow, from 1901 to present day, no significant changes in the number of days
with hail have been recorded. However, it is worth paying attention to the significant
changes in the number of days examined from year-to-year.

Introduction

Hailfall is classified as an extreme meteorological phenomenon not only on account
of its very rare occurrence, but also due to the often serious nature of material losses
it causes. However, due to the low availability of information about the occurrence,
volume and intensity of hail, researching this phenomenon is a particularly difficult
task. For this reason, there is little published research on hail in Poland. Most of the
research is either dedicated to exceptional hailfall occurrences or covers short periods
(Twardosz et al. 2010; Bielec-Bąkowska 2013). This situation began to change after
the year 2000 when the number of papers on hail occurrence significantly increased.
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First of all, studies covered long-term and annual variability of hail occurrence (Twar-
dosz et al. 2011; Suwała 2011; Bielec-Bąkowska 2013) as well as the circulation
conditions favouring hail formation (Bielec-Bąkowska 2010; Twardosz 2005, 2010;
Twardosz et al. 2010). In recent years, research has also been undertaken into the
occurrence of particularly high hailfall and themeteorological conditions with which
they are associated (Kłokowska and Lorenc 2012; Pilorz 2015; Taszarek and Suwała
2015). Unfortunately, given the nature of hail, its low frequency of occurrence, and
the high dependence on local conditions, a number of issues related to hailfall remain
to be investigated.

Data

Data on the number of dayswith hail from40meteorological stations belonging to the
IMGW-PIB network (The Polish Institute ofMeteorology andWaterManagement—
National Research Institute) from the period 1966–2018 were used in this study
(Fig. 17.1). Hail occurs mainly in the warm half of the year, therefore, changes in
the occurrence of hail from April to September were considered in the analysis.

Fig. 17.1 Location of meteorological stations
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This decision was based on the fact that, in most of Europe, this phenomenon occurs
mainly in the warm season (Fraile et al. 2003; Simeonov andGeorgiev 2003; Chromá
et al. 2005; Taszarek et al. 2019) and due to frequent classification of all types of
ice pellets in Polish databases under the same category as hail precipitation. This
caused numerous errors in the database for the cold half of the year, especially
visible at mountain stations. At the same time, research on the occurrence of hail at
the Scientific Station in Kraków showed that hail events occurring in the period from
October toMarch constitute to about 7–10% of all cases of such precipitation (Bielec
1996; Twardosz et al. 2010). Therefore, it seems that the adopted assumptions reflect
very well the most important features of hail variability.

Additionally, hail data from the Scientific Station of the Climatology Department
of the Jagiellonian University in Kraków (Kraków Observatory) from the period
1901–2018 were taken into consideration.

Number of Days with Hail

Hail is a very rare phenomenon in Poland and its spatial variability in most of the
country is relatively low. A slightly higher frequency of hailfall is noticeable in areas
with varied topography, mainly in mountainous and foothill areas, and at selected
sites in northern Poland. In northern Poland this may be attributable to exceptionally
favourable environmental conditions and the warming effect of the Baltic Sea.

The average number of days with hail from April to September in Poland in
the period 1966–2018 ranged from 0.3 days in Terespol to 1.7 days in Elbląg. The
only places where it was higher than this range were the Śnieżka and Kasprowy
Wierch mountain stations, where the number of days was 7.0 and 11.5, respectively
(Fig. 17.2). However, it must be noted that these values are probably overstated as a
result of the incorrect classification of all ice precipitation as hailfall in the database
until 1980–1985 (Bielec-Bąkowska 2013). From 1985, the average values of hailfall
were 3.5 days at Śnieżka and 9.5 days at Kasprowy Wierch.

The maximum number of days with hailfall in particular years ranged from 2 to 8,
with the highest values recorded in the south and the west of Poland. The number of
days of hail reached over 20 at the Śnieżka and KasprowyWierch mountain stations,
however, after 1985, the number of days was 9 and 20, respectively. Except for
the mountain stations, the number of years with no hail ranged from 23% to 26%
in Siedlce, Koszalin, Lesko and Zakopane (12–14 years) to approximately 70% in
Mława and Terespol (37–38 years) (Fig. 17.2).

As mentioned above over 90% of hail occurs from April to September, and the
highest frequency is recorded in the spring months (Fig. 17.3), mainly in April
and May (0.3 days on average in Poland; a maximum of 0.4–0.5 days at partic-
ular stations). In the warmest months, this phenomenon occurs sporadically and the
number of days with hail tends to increase again in September, especially on the
coast (e.g. in Łeba and Hel). At the stations located in the east of Poland, a gradual
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Fig. 17.2 The average (a) and maximum (b) annual number of days with hail in the period 1966–
2018

Fig. 17.3 The average monthly number of days with hail at selected stations in Poland in the period
1966–2018

decrease in the number of days of hail from spring to autumn can be observed (e.g.
in Suwałki, Lublin, Lesko).

The long-term variations of hail occurrence in Poland are strongly related to the
location of the station. However, it should be noted that the number of cases studied
was very small and there was no hailfall at all in many years. Over a large area of
Poland, the changes are very small and not statistically significant (p < 0.05). Never-
theless, it can be seen that most of Poland have an increase in hailfall (Figs. 17.4
and 17.5). A statistically significant decrease in the number of days with hail was
only recorded at three mountain or foothill stations and at two stations located
on the Baltic coast. However, in the case of the Śnieżka and
Kasprowy Wierch mountain stations, the significant decrease
in the number of days with hailfall (by −2.5 and −1.5
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Fig. 17.4 Long-term changes in the number of days with hail in Poland from April to September
in the period 1966–2018

Fig. 17.5 Long-term variability of days with hail at the selected meteorological stations in the
period 1966–2018 (from April to September)

days per decade, respectively) is probably due to incorrect classification in the
databases. For the shorter study period (from 1986), these values indicate a weak
and statistically insignificant increase of about 0.5 days per decade.

The above changes in the occurrence of hail in Poland were compared with the
trend observed from 1901 at the station Kraków Observatory. Based on this compar-
ison, the occurrence of hail was not found to follow a clear trend over the long term
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Fig. 17.6 Long-termvariability of dayswith hail atKrakówObserwatoriummeteorological stations
in the period 1901–2018

of the study period. A significant increase or decrease in the frequency of hailfall
usually lasts for several or several dozen years (Fig. 17.6). However, it is worth noting
that hail was very rarely reported in Kraków in the last two to three decades of the
study period. The average number of days with hail in the period 2000–2018 was 2.2,
while the number of days with hail was 2.3 for the entire study period (Table 17.1).
At the same time, after the year 2000 no hailfall at all was recorded in as many as
7 years compared with 21 such years from 1901–2018.

With regard to the annual course of hail occurrence, the absence of hail in January
and February and the increased frequency of hail in the period from October to
December in the years 1964–2002 are worth noting (Fig. 17.7). In the mentioned
period (1964–2002), from October to December, as many as 14 days with hail were
recorded (about 6% of all of the cases in the study period), while in the remaining
79 years there were only 6 such days. It would appear that the above changes in
the annual and seasonal number of days with hail is associated with the impact of

Table 17.1 Number of days with hail at Kraków Obserwatorium meteorological stations in the
period 1901–2018

Index/
Number of
days

Months Year

I II III IV V VI VII VIII IX X XI XII

Average – – 1.3 1.3 1.3 1.2 1.1 1.1 1.1 1.3 1.3 1.0 2.3

The highest – – 3 3 4 4 2 2 2 2 2 1 9

S.D. – – 0.7 0.5 0.7 0.6 0.3 0.3 0.2 0.5 0.4 0.0 1.5

V(%) – – 55.9 42.0 51.5 49.5 29.4 29.4 22.8 35.4 34.6 0.0 64.7

Trend
[days/10 years]

– – 0.00 0.06 −0.01 0.02 0.00 −0.03 −0.02 0.04 −0.18 0.00 0.00

S.D.—standard deviation (hPa), V—coefficient of variability (%), 0.08—statistically significant at
p < 0.05
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Fig. 17.7 Number of days with hail in Kraków in the period 1901–2018

the city on the formation of convection phenomena (Changnon et al. 1979; Punge
and Kunz 2016), which mainly concerns the formation of hail linked inseparably to
the buildup of Cumulonimbus clouds. These clouds have been observed ever more
frequently in Kraków, also in the cold half of the year. However, the number of days
with thunderstorms that often accompany Cumulonimbus clouds is not increasing as
fast (Matuszko 2014). As can be seen, a similar tendency is observable in the case of
hailfall, which has been less frequent in recent years than before 1980. Perhaps this
can be explained by the thermal and humidity conditions of the air over Kraków. On
the one hand, the warming effect of the city drives convection and, on the other hand,
decreased humidity inhibits the development of clouds and precipitation (Knight and
Knight 2001). The increased number of days with hail in the cool half of the year
in the period 1964–2002 may have been associated with a distinct increase in the
concentrations of particulate matter caused by the strong industrialization of the city
(an increase in the number of condensation nuclei), and the significant reduction in
air pollution in Krakow over last two decades probably also affected the frequency
of convective phenomena occurrence.

Conclusions and Discussion

The frequency of hail occurrence in Poland is similar to that observed in Central
Europe, although it ismuch lower than in southernEurope and in the areas of theworld
with the highest frequency of convection phenomena (Punge and Kunz 2016; Prein
and Holland 2018). The average number of days with hail from April to September
ranges from 0.3 to 1.7, and can even exceed 10 days in mountainous areas. Such
considerable variance in the number of days with hail is associated with the impact
of local conditions. In the north of Poland, in the coastal area (Koszalin, Łeba) and
in the lakelands (Elbląg, Olsztyn, Białystok), the inflow of significant amounts of
moisture (Zinkiewicz andMichna 1955; Tuovinen et al. 2009) and thewarming effect
of the Baltic Sea drive the higher frequency of hail occurrence (up to 1.5–1.7 days
on average per year or up to 8 days with hail in Świnoujście in 1977). In lowland
areas, which prevail in Poland, days with hail are recorded once in several years.
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However, as in the case of other highland and mountainous regions of the world
(Kunz et al. 2009; Punge and Kunz 2016), the south of Poland is characterized by
the most favourable conditions for hail occurrence, notably the movement of low-
pressure systems over the area, accompanied by the advection of polar air with a
westerly or southerly component (Twardosz et al. 2010; Suwała and Bednorz 2013).
In such meteorological conditions, the diversified topography is conducive to the
intensification of upward air currents and the formation of Cumulonimbus cloud
complexes. The conditions described above are also behind the characteristic annual
course of hail occurrence, where the largest number of days with hail is recorded
in the spring months, and also in the autumn by the Baltic Sea. Contrary to the
long-term variability of the number of days with a thunderstorm (see Chapter 16),
no significant changes in the number of days with hail were observed in the period
under investigation (1966–2018), except for a few stations. However, even in these
few cases, the changes are very small and do not have any significant impact on
the environment. A similar lack or slight change in the occurrence of hail has been
observed since 1901 in Kraków. However, it is worth paying attention to large year-
to-year changes and to the periods with higher hail frequency as well as to the periods
with almost no hail. Explanations for these changes should probably be sought in
the circulation conditions occurring in particular regions of the country in particular
years.

However, it must be emphasized that this study analysed only the number of days
with hail without taking into account its diameter, which determines the amount
of damage to the environment, property, etc. The most dangerous hailfall occurs in
the south and east of Poland, which is mainly attributable to the above-mentioned
orographic and circulation conditions (Pilorz 2015; Taszarek and Suwała 2015).
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bilistycznymnaprzykładzieKrakowa (1886–2002). InstytutGeografii iGospodarki Przestrzennej
UJ, Kraków

Twardosz R (2010) A synoptic analysis of the diurnal cycle of thunderstorm precipitation in Kraków
(Southern Poland). Int J Climatol 30:1008–1013
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Chapter 18
Change of Fog Frequency

Anita Bokwa, Agnieszka Wypych, and Monika J. Hajto

Abstract Data on fog occurrence from 26 Polish meteorological stations were anal-
ysed for the period1966–2018.Annual and seasonal number of dayswith fog, number
of days with fog of the duration <6 h, 6-12 h and >12 h, and number of days with
dense,moderate and thin fogwere studied in terms of spatial and temporal variability.
In the high mountains, the fog frequency is the highest (about 300 days per year), no
statistically significantmulti-annual changes ofmost of the indices can be defined and
the inter-annual variability is very low. At the seaside, the number of days with fog is
the lowest (about 28 days per year on average) and the inter-annual variability is high.
Therefore, no statistically significant trends can be determined formost of the indices.
In the lowland areas of northern and central Poland, and in the uplands of southern
Poland, high variability in fog occurrence and long-term trends can be observed
in each region. For stations with the highest fog frequency, statistically significant
increasing trends were obtained while for the others the trends were either decreasing
or not significant statistically. As fog is a very localised phenomenon, downscaling
methods of satellite image processing have to be developed in order to improve the
spatial approach in long-term analyses.
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Introduction

Fog is a meteorological element which can become a hazardous phenomenon. It
can cause problems with traffic (flight delays, automobile and marine accidents) or
be associated with critical conditions in air pollution, resulting from air pollutants
becoming trapped in the fog droplets and reaching high concentrations, causing the
formation of smog or in some cases acid fog. In addition, the fog has an important role
in maintaining radiation balance and, as a result, long-term changes in the frequency
of fog can play an important role in the accuracy of climate model predictions. Fog
is a very localized phenomenon that can form as a result of advection, radiative
cooling or a weather front moving over an area. Its frequency and spatial distribution
is closely related to orography and proximity to the sea (Avotniece et al. 2015).

Studies concerning fog typically concentrate on various aspects of the phenomena,
e.g. spatial distribution, long-term changes, chemical properties, origin of the
phenomenon, interaction with land use/land cover. This paper deals with long-term
changes in fog frequency in Poland, including fog duration and intensity. The results
presented below should be interpreted in the context of similar studies undertaken in
Poland and in other European countries.

Bendix (1994) studied fog spatial distribution with the application of satellite
imagery in the Po valley (Italy) and in Germany (Bendix 2001, 2002), but no long-
term trends were established. However, Giulianelli et al. (2014), found a decreasing
trend since 1980s in the Po valley. Cermak et al. (2009) used satellite-derived fog and
low stratus maps of Europe for the period 2004–2008 and showed a large difference
between southern Europe with frequencies around 15–20% and northern Europe
with values reaching 50–60%. Egli et al. (2017) completed similar maps for the
period 2006–2015; inter-annual trends were found most pronounced in winter, with
vast areas of Central Europe showing a distinct decrease. For the Swiss Plateau,
Scherrer and Appenzeller (2014) analysed fog and low stratus trends in the period
1901–2012 and found no significant trends. However, for the subperiod 1984–2012,
a significant decrease can be seen. Avotniece et al. (2015) studied fog spatial distri-
bution and trends in Latvia from 1960 to 2012 and found a strong decreasing trend
all over the country, resulting from gradual decrease in industrial activities and the
resultant improvements in air quality and the observed increase in air temperature.
The warming was the most significant in the winter and this might have triggered a
decrease in the formation of advective fog, which in winter usually formswhenwarm
and moist air flows over a cool or snow-covered surface. Those results confirm the
findings from Europe for the period 1976–2006, published by Vautard et al. (2009).
One reason for the general decline in fog and low stratus in winter may be the rising
temperatures in the lower atmosphere due to climatological changes. Also, improve-
ments in air quality lead to a reduction in aerosols that act as condensation nuclei
in supersaturated conditions. This leads to further reduction in fog and low stratus
formation as well (Klemm and Lin 2016). Oldenborgh et al. (2010) extended the
analyses completed by Vautard et al. (2009) and focused on dense fog occurrence. In
large parts of Europe the decreases correspond to half the number of foggy and misty
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days. The decrease in number of foggy and misty days is spatially and temporally
correlated with the decrease in SO2 emissions for all fog ranges. The spatial correla-
tion between trends in fog and urbanization is lower, but also positive for all ranges
studied. For inter-annual variability, the effects of circulation dominate, but for this
trend other factors are more important. The study that does not follow the general
trend is the one by Veljović et al. (2015), who analysed fog occurrence in Belgrade,
Serbia, for the period from 1973 to 2005 and found an increase in the annual number
of fog days. Fog occurrence has been studied in other parts of the world as well,
e.g. in the United States (Witiw and LaDochy 2008), South Asia (Syed et al. 2012;
Gautam and Singh 2018); China (Niu et al. 2010; Quan et al. 2011; Fu et al. 2014).
The results obtained so far for various parts of Europe show a general decreasing
tendency of fog frequency in the last decades, but, on the other hand, a large spatial
variability of the phenomenon can be seen, especially in mountainous areas.

In Poland, fog occurrence variabilitywas determined for various regions. Trzeciak
(1992) studied fog frequency for the western part of the Polish seaside, for the period
1961–1985, but temporal variability was not analysed. In the case of urban areas,
Wypych (2003) found a decreasing trend for fog in Kraków in the period 1961–
2000. Łupikasza and Niedźwiedź (2016) analysed fog occurrence at three stations
in Southern Poland representing the Silesian Upland (Katowice), the Carpathian
Foothills (Bielsko-Biała) and the basins of the Carpathian Foredeep (Kraków), in the
years 1966–2015. A decreasing trend was found only for Kraków, while at the two
other stations a high variability of the element studied was observed.

Fog occurs in mountainous areas much more often than in lower locations. Hess
(1965) studied fog occurrence in the Polish Carpathians for the period 1952–1961
and found that at the mountain peaks, fog is noted 10 times more often than at
the mountain foot. Moreover, in lower locations fog is mainly of radiative origin,
while at the peaks advective processes are what determine the occurrence of the
phenomenon. Żarnowiecki (2000) analysed fog occurrence in the Holy Cross Mts.
and their foothills for the period 1955–1965. Even though the station representing
the highest parts of the mountains is located at an altitude of 587.7 m a.s.l., mean
annual fog frequency reaches 37.7% there, while at the foothills it is 8–10%. The
spatial distribution of fog in the Sudety Mts. was studied by Błaś et al. (2002). Fog
is the most frequently observed atmospheric phenomenon there, being present on
average 45% of the time, with 250–300 days of fog per year. Błaś and Sobik (2000,
2004) compared fog frequency and vertical distribution in the European mountains
and found an increase in the phenomenon with altitude, together with its high spatial
variability. Lange et al. (2003) reported 240 days with fog annually on average in
the Erzgebirge Mts. between 1971 and 1997. The study for the Fichtelgebirge Mts.,
completed by Wrzesinsky and Klemm (2000), covered only one year (1997). It was
dedicated to fog chemistry, but additionally showed a much higher fog frequency in
the cold half of the year than in the warm one.
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Data and Methods

Data concerning fog occurrence were collected for 35 stations for the period 1966–
2018. The data included:

• daily number of hours with fog,
• data on visibility in metres observed at 06, 12 and 18 UTC.

After the homogenization procedure, 9 stations were excluded from further study
(see Chapter 4 Homogeneity of Climate Series).

The indices obtained from the data listed above were the following:

• number of days with fog; a daywith fog is defined as a daywhen fogwas observed
at the station, regardless the fog’s duration or intensity,

• number of days with fog of a given duration: <6 h, 6–12 h, >12 h,
• number of days with fog of a given intensity, separately for 06, 12 and 18 UTC;

the intensity was defined with the visibility data: (1) dense fog: visibility <200 m;
(2) moderate fog: visibility <500 m; (3) thin fog: visibility <1000 m.

The indices were calculated at annual and seasonal resolution. Only two seasons
were distinguished: cold (October–March) and warm (April–September) half-year,
due to the phenomenon’s general frequency observed for most stations. The mean
annual and seasonal values were calculated for each index, together with the coef-
ficient of variability (i.e. standard deviation divided by the mean value). The multi-
annual course of each index was studied with linear regression analysis (if the series
was complete enough to allow such calculation). In case, where the trend obtained
was statistically significant (α = 0.05), the relative trend per 10 year (in percent) was
calculated.

Number of Days with Fog

For the period 1966–2018, mean annual number of days with fog varied from
67.6 days in Kraków and 67.7 days in Mława to 27.7 days in Hel (Fig. 18.1). The
stations analysed can be grouped in a few regions and in each region large differences
between the stations can be seen. For example, in the north-western region, including
the seaside (stations: Koszalin, Łeba, Hel, Świnoujście and Szczecin), the values vary
from 56.7 days in Koszalin to the already mentioned 27.7 days in Hel. The proximity
to the seashore, resulting in the exposure to frequent strong winds is the factor that
largely determines fog frequency.

In the north-eastern region (stations: Mikołajki, Toruń, Mława and Białystok) the
values range is from 45.5 days in Toruń to the previously mentioned 67.7 days in
Mława and in this case the determining factor is the location of Mława, in an area
with vast marshy areas, and the impact of urban structures on fog in case of Toruń.
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Fig. 18.1 The mean annual number of days with fog in the period 1966–2018, the coefficient of
variability (%) at the stations studied and relative trends (%/10 years) for the periods 1966–2018 and
1985–2018. Explanations: only those relative trends which are statistically significant are marked.
Data for two highmountain stations: KasprowyWierch and Śnieżka are presented separately. Trends
which are statistically insignificant are indicated with colourless circles

In the central region (stations: Gorzów Wielkopolski, Poznań, Warsaw, Siedlce,
Kalisz and Łódź), the lowest number of days with fog is noted for Warsaw (36.4),
while the highest is for GorzówWielkopolski (63.0). The impact of urban structures
can be seen again in the case of Warsaw, while, in the case of Gorzów, the location
in the western part of the country and direct exposure to humid Atlantic air masses
seems to be a determining factor.

In the southern region (stations: Wrocław, Lublin, Włodawa, Opole, Katowice,
Kraków,Rzeszów,Bielsko-Biała), the largest value is assigned toKraków (67.6 days)
and the lowest to Włodawa (44.5 days). The southern region has a very diversified
relief, with uplands and basins located along mountain belts. That factor is decisive
in the case of Kraków, a large city located in a concave landformwhere cold air pools
and air temperature inversions often form. Włodawa is located in the eastern part of
the country where climatic conditions are more continental than in the western part.

Two high mountain stations: Kasprowy Wierch and Śnieżka had to be analysed
separately due to the fact that fog frequency is much higher there than at stations
placed in lower locations. The high mountain stations experience fog most of the
year. The mean annual numbers of days with fog are 288.3 for Kasprowy Wierch
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in the Carpathians and 308.9 for Śnieżka in the Sudety Mts. An interesting feature
is that for Zakopane, located directly at the foothills of the Tatra Mts., where the
KasprowyWierch Mt. is located, the value is 39.3 days only. That shows a very high
spatial variability of fog frequency in the mountainous areas.

Figure 18.2 shows the annual number of dayswith fog in the period 1966–2018 for
stations representing the regions mentioned above. In all cases, a large inter-annual
variability of the index can be seen. The basic differences among the regions include
much higher values in the mountains than in the lower locations. No clear tendency
of multi-annual changes can be observed for the mountains and the seashore regions.
For the rest of the country, a slight decreasing tendency can be observed, with the
exception of Gorzów Wielkopolski. The statistical properties of the data series in a
national scale are presented in the further sections.

For the period 1985–2018, the lowest and highest values (mountain stations
excluded) were noted at the same stations as in the period 1966–2018: 26.7 days
in Hel and 70.2 days in Mława (for an explanation of subperiods used see Chapter 3
Data and Methods of Investigation). The spatial variability remained the same as
described above. The coefficient of variability for the period 1966–2018 shows that
for most of the stations the annual number of days with fog does not change much
from year to year. The values exceeded 25% for 9 stations only and the highest value
was 40% in Świnoujście. In the period 1985–2018, the index was even less variable

Fig. 18.2 Annual numbers of days with fog in the period 1966–2018 for stations representing:
(a)—Baltic seashore (Koszalin) and the north-eastern region (Białystok), (b)—the western and
central region (GorzówWielkopolski and Łódź), (c)—the southern region (Wrocław and Kraków),
(d)—the two high mountain stations: Kasprowy Wierch and Śnieżka. Explanations: 10-y mov avg
means 10-year moving average of number of days with fog
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as only in four cases the coefficient exceeded 25% and the highest value reached 37%
in Świnoujście. In the case of both high mountain stations, the coefficient was as low
as 5% for both periods. For 19 stations, the linear trends were statistically significant
for the period 1966–2018 (14 decreasing [maximum value: −5.3 days/10 years in
Szczecin and Poznań] and 5 increasing [max. value: 4.9 days/10 years inWłodawa]),
while for the years 1985–2018 they were significant for seven stations only (6
decreasing and 1 increasing). Relative trends were calculated and for the period
1966–2018 they ranged from +11%/10 years in Włodawa to −14.3%/10 years in
Świnoujście. For the period 1985–2018, the values were from +8.4%/10 years in
Włodawa to −18.3%/10 years in Hel. From the six stations for which the trends
were significant for both periods, it is important to note that for Hel and Rzeszów,
the values for 1985–2018 were much larger than for the whole period 1966–2018.
For Hel, the value for 1966–2018 was −6.9%/10 years, while for Rzeszów the
values reached: 1966–2018: −6.2%/10 years, 1985–2018: −14.2%/10 years. For
high mountain stations the trends were statistically insignificant.

Most of the dayswith fog are observed during the cold half of the year (October–
March). The highest mean value for the period 1966–2018 was noted for Mława and
GorzówWielkopolski (48.0 days), the lowest for Hel (16.4) (Fig. 18.3). In the case of
high mountain stations, the values reached 144.7 for KasprowyWierch and 160.4 for
Śnieżka. For the period 1985–2018, the highest and lowest values were very similar:
50.0 for Gorzów, 16.2 for Hel, 144.9 for Kasprowy Wierch and 160.3 for Śnieżka.
The spatial variability of the values was similar to that for annual values described
above. The coefficient of variability for the period 1966–2018 shows that for most
of the stations the seasonal number of days with fog changes significantly from year
to year. The values exceeded 25% for 15 stations and the highest value was 39%
in Świnoujście. In the period 1985–2018, the index was less variable as in 12 cases
the coefficient exceeded 25% and the highest value reached 39% in Świnoujście and
Hel. In the case of both high mountain stations, the coefficient was as low as 5–7%
for both periods. For 13 stations, the linear trends were statistically significant for
the period 1966–2018 (9 decreasing [max. value:−3.9 days/10 years in Poznań] and
4 increasing [max. value: 3.5 days/10 years in Włodawa]), while for the years 1985–
2018, they were significant for three stations only (2 decreasing and 1 increasing).
Relative trends were calculated and for the period 1966–2018 they ranged from
+11.7%/10 years in Włodawa to −12.0%/10 years in Świnoujście. For the period
1985–2018, the values ranged from+12.5/10 years inWłodawa to−18.5%/10 years
in Hel. For high mountain stations the trends were statistically insignificant.

In the case of warm half of the year (April–September), the highest mean value
for the period 1966–2018 was noted for Łeba (32.1 days), while the lowest was for
Świnoujście (8.4) (Fig. 18.4). In the case of highmountain stations, the values reached
143.6 for Kasprowy Wierch and 148.6 for Śnieżka. For the period 1985–2018, the
highest and lowest valueswere very similar: 31.7 for Łeba, 6.1 for Świnoujście, 140.9
for KasprowyWierch and 145.9 for Śnieżka. The spatial variability of the values was
similar to that described above for annual values. The coefficient of variability for
the period 1966–2018 shows that at all the stations the seasonal number of days
with fog changes significantly from year to year. The values exceeded 25% for all
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Fig. 18.3 The mean number of days with fog in the cold half of the year in the period 1966–2018,
the coefficient of variability (%) at the stations studied and relative trends (%/10 years) for the
periods 1966–2018 and 1985–2018. Explanations: only those relative trends which are statistically
significant are marked. Data for two high mountain stations: Kasprowy Wierch and Śnieżka are
presented separately. Trendswhich are statistically insignificant are indicatedwith colourless circles

stations and the highest value was 72% in Świnoujście. In the period 1985–2018,
the index was equally variable and the highest value reached 78% in Świnoujście. In
the case of both high mountain stations, the coefficient was as low as 8–9% for both
periods. For 22 stations, the linear trends were statistically significant for the period
1966–2018, including the two high mountain stations (19 decreasing [max. value:−
2.9 days/10 years in Śnieżka Mt.] and 3 increasing [max. value: 2.3 days/10 years in
Siedlce]), while for the years 1985–2018 they were significant for 10 stations (all of
them decreasing). Relative trends were calculated and for the period 1966–2018they
ranged from+9.4%/10years inSiedlce to−22.3%/10years inWarsaw.For the period
1985–2018, the values ranged from −11.5%/10 years in Łódź to −23.4%/10 years
in Rzeszów, and for nine stations the decreasing trend was much larger in the years
1985–2018 than in the whole period 1966–2018. For high mountain stations the
trends were statistically insignificant.
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Fig. 18.4 The mean number of days with fog in the warm half of the year in the period 1966–2018,
the coefficient of variability (%) at the stations studied and relative trends (%/10 years) for the
periods 1966–2018 and 1985–2018. Explanations: only those relative trends which are statistically
significant are marked. Data for two high mountain stations: Kasprowy Wierch and Śnieżka are
presented separately. Trendswhich are statistically insignificant are indicatedwith colourless circles

Number of Days with Fog with a Given Duration

For the period 1966–2018, the mean annual number of days with fog with a
duration of <6 h varied from 43.7 days in Mława to 18.4 days in Hel (Fig. 18.5).
In the case of high mountain stations, the values reached 63.0 for Kasprowy Wierch
and 48.4 for Śnieżka. For the period 1985–2018, the highest and lowest values were
very similar: 50.3 days in Mława, 18.1 for Hel, 64.6 for Kasprowy Wierch and
49.2 for Śnieżka. Again, in each region, a large spatial variability can be observed.
The coefficient of variability for the period 1966–2018 shows that for some of the
stations the seasonal number of days with fog changes significantly from year to
year, as for 10 stations the values exceeded 25% and the highest value was 37%
in Opole. In the period 1985–2018, the index was less variable as in 5 cases the
coefficient exceeded 25% and the highest value reached 37% in Opole. In the case of
both high mountain stations, the coefficient was as low as 12–17% for both periods.
For 12 stations, the linear trends were statistically significant for the period 1966–
2018 (7 decreasing [max. value: −3.6 days/10 years in Warsaw] and 5 increasing
[max. value: 4.7 days/10 years in Włodawa]), while for the years 1985–2018 they
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Fig. 18.5 Themean annual number of days with fogwith a duration of <6 hours in the period 1966–
2018, the coefficient of variability (%) at the stations studied and relative trends (%/10 years) for the
periods 1966–2018 and 1985–2018. Explanations: only those relative trends which are statistically
significant are marked. Data for two high mountain stations: Kasprowy Wierch and Śnieżka are
presented separately. Trendswhich are statistically insignificant are indicatedwith colourless circles

were significant for 7 stations only (1 decreasing and 6 increasing). Relative trends
were calculated and for the period 1966–2018 they ranged from +13.9%/10 years
in Włodawa to −12.5%/10 years in Warsaw. For the period 1985–2018, the values
ranged from +12.9/10 years in Świnoujście to −14.1%/10 years in Rzeszów, and
in the case of two stations significant changes in the trends intensity can be seen.
The increasing trend in Włodawa was much smaller in 1985–2018: 9.3%/10 years,
while in Rzeszów the value for 1966–2018 was smaller: −5.1%/10 years. For high
mountain stations the trends were statistically significant only for KasprowyWierch
(1966–2018: +3.8%/10 years; 1985–2018: +7.3%/10 years).

During the cold half of the year (October–March), the mean seasonal number
of days with fog with a duration of <6 h varied from 29.0 days in Mława to 10.2 days
in Hel (Fig. 18.6). In the case of high mountain stations the values reached 24.5 for
Kasprowy Wierch and 16.3 for Śnieżka. For the period 1985–2018, the highest and
lowest values were very similar: 31.1 days inMława, 10.2 for Hel, 24.7 for Kasprowy
Wierch and 16.6 for Śnieżka. Again, in each region a large spatial variability can
be observed. The coefficient of variability for the period 1966–2018 shows that for
most of the stations the seasonal number of days with fog changes significantly from
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Fig. 18.6 The mean number of days with fog with a duration of <6 hours in the cold half of
the year in the period 1966–2018, the coefficient of variability (%) at the stations studied and
relative trends (%/10 years) for the periods 1966–2018 and 1985–2018. Explanations: only those
relative trends which are statistically significant are marked. Data for two high mountain stations:
KasprowyWierch and Śnieżka are presented separately. Trends which are statistically insignificant
are indicated with colourless circles

year to year, as for 15 stations the values exceeded 25% and the highest value was
37% in Włodawa. In the period 1985–2018 the situation is very similar, i.e. the
values exceeded 25% for 15 stations as well, but the highest value of 37% was noted
at Łeba and Hel. In the case of high mountain stations, the coefficient was as low
as 17% for Kasprowy Wierch for both periods but for Śnieżka it reached 27–29%.
For 10 stations, the linear trends were statistically significant for the period 1966–
2018 (3 decreasing [max. value: −1.5 days/10 years in Poznań] and 7 increasing
[max. value: 3.3 days/10 years in Włodawa]), while for the years 1985–2018 they
were significant for 9 stations only (1 decreasing and 8 increasing). Relative trends
were calculated and for the period 1966–2018, they ranged from+15.9%/10 years in
Włodawa to−7.3%/10 years in Warsaw. For the period 1985–2018, the values ranged
from +15.1/10 years in Zakopane to +7.4%/10 years in Gorzów Wielkopolski. For
high mountain stations the trends were statistically significant only for Śnieżka and
reached −10.2%/10 years.

During thewarmhalf of the year (April–September), themean seasonal number
of days with fog with a duration of <6 h varied from 27.6 days in Łeba to 6.5 in
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Fig. 18.7 The mean number of days with fog with a duration of <6 hours in the warm half of
the year in the period 1966–2018, the coefficient of variability (%) at the stations studied and
relative trends (%/10 years) for the periods 1966–2018 and 1985–2018. Explanations: only those
relative trends which are statistically significant are marked. Data for two high mountain stations:
KasprowyWierch and Śnieżka are presented separately. Trends which are statistically insignificant
are indicated with colourless circles

Świnoujście (Fig. 18.7). In the case of high mountain stations the values reached
38.5 for Kasprowy Wierch and 32.1 for Śnieżka. For the period 1985–2018, the
highest and lowest values were very similar: 27.9 days in Łeba, 5.1 for Świnoujście,
24.7 for KasprowyWierch and 16.6 for Śnieżka. Again, in each region a large spatial
variability can be observed. The coefficient of variability for the period 1966–2018
shows that for all of the stations the seasonal number of days with fog changes
significantly from year to year, all values exceeded 25%, with the highest one 69%
for Świnoujście. In the period 1985–2018, the situation is very similar, and again the
highest value of 69% was obtained for Świnoujście. In the case of high mountain
stations, the coefficient reached 17–21% for both periods. For 15 stations, the linear
trends were statistically significant for the period 1966–2018 (11 decreasing [max.
value:−2.1 days/10 years in Warsaw] and4 increasing [max. value: 2.4 days/10 years
in Siedlce]), while for the years 1985–2018 they were significant for 9 stations (7
decreasing and 2 increasing). Relative trends were calculated and for the period
1966–2018 they ranged from +10.6%/10 years in Siedlce to −21.9%/10 years in
Warsaw. For the period 1985–2018, the values were from +8.6/10 years in Łeba
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to −21.3%/10 years in Rzeszów, and for five stations the decreasing trends were
intensified. For high mountain stations the trends were statistically significant for
Kasprowy Wierch only and reached +9.8%/10 years.

In case of days with fog with a duration of 6–12 h, the analyses could be
performed for the whole year and for the cold half of the year only, as in the warm
half such days occurred very irregularly. The mean annual number of days with
fog with a duration of 6–12 h varied from 15.0 days in Kraków to 5.9 days in
Warsaw (Fig. 18.8). In the case of high mountain stations the values reached 61.5
for Kasprowy Wierch and 50.8 for Śnieżka. For the period 1985–2018, the highest
and lowest values were very similar: 13.7 days in Mława, 4.8 for Warsaw, 61.9
for Kasprowy Wierch and 50.9 for Śnieżka. Again, in each region a large spatial
variability can be observed. The coefficient of variability for the period 1966–2018
shows that for all of the stations the seasonal number of days with fog changes
significantly from year to year, as for all of them the values exceeded 25% and
the highest value was 67% in Świnoujście. In the period 1985–2018, the index was
equally high and the highest value reached 74% in Świnoujście. In the case of both

Fig. 18.8 The mean annual number of days with fog with a duration of 6–12 hours in the period
1966–2018, the coefficient of variability (%) at the stations studied, and relative trends (%/10 years)
for the periods 1966–2018 and 1985–2018. Explanations: only those relative trends which are
statistically significant are marked. Data for two high mountain stations: Kasprowy Wierch and
Śnieżka are presented separately. Trends which are statistically insignificant are indicated with
colourless circles
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highmountain stations, the coefficient was as low as 10–12% for both periods. For 20
stations, the linear trends were statistically significant for the period 1966–2018 (all
of them decreasing [max. value: −2.2 days/10 years in Świnoujście]), while for the
years 1985–2018 they were significant for 12 stations only (all of them decreasing).
Relative trends were calculated and for the period 1966–2018 they ranged from −
5.6%/10 years in Siedlce to −28.6%/10 years in Świnoujście. For the period 1985–
2018, the values were from −13.9%/10 years in Katowice to −37.8%/10 years in
Hel, and for eight stations the decreasing trends were intensified. For high mountain
stations the trends were statistically insignificant.

In the cold half of the year, the mean seasonal number of days with fog with a
duration of 6–12 h varied from 12.5 days in Kraków to 3.9 days in Hel (Fig. 18.9). In
the case of high mountain stations the values reached 29.3 for KasprowyWierch and
20.5 for Śnieżka. For the period 1985–2018, the highest and lowest values were very
similar: 12.5 days in Mława, 4.0 for Hel and Łeba, 29.6 for Kasprowy Wierch and
20.9 for Śnieżka. Again, in each region a large spatial variability can be observed. The
coefficient of variability for the period 1966–2018 shows that for all the stations the

Fig. 18.9 The mean number of days with fog with a duration of 6–12 hours in the cold half of
the year in the period 1966–2018, the coefficient of variability (%) at the stations studied, and
relative trends (%/10 years) for the periods 1966–2018 and 1985–2018. Explanations: only those
relative trends which are statistically significant are marked. Data for two high mountain stations:
KasprowyWierch and Śnieżka are presented separately. Trends which are statistically insignificant
are indicated with colourless circles
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seasonal number of days with fog changes significantly from year to year, as for all of
them the values exceeded 25% and the highest value was 69% in Świnoujście. In the
period 1985–2018, the situation is very similar, i.e. the values exceeded 25% for all
stations as well, but the highest value of 76%was noted at Świnoujście. In the case of
high mountain stations, the coefficient was as low as 15–22% in both periods. For 15
stations, the linear trends were statistically significant for the period 1966–2018 (all
of them decreasing (max. value: −1.6 days/10 years in Świnoujście)), while for the
years 1985–2018 they were significant for 7 stations only (all of them decreasing).
Relative trends were calculated and for the period 1966–2018 they ranged from
−6.4%/10 years in Kraków to −25.7%/10 years in Świnoujście. For the period
1985–2018, the values ranged from−12.2%/10 years in Lublin to−21.1%/10 years
in Poznań. and for four stations the decreasing trends were intensified. For high
mountain stations the trends were statistically insignificant.

Days with fog with a duration of >12 h occur very rarely in most of the territory
of Poland, except the mountains. The mean annual number of such days varied from
8.0 days in Bielsko-Biała to 1.8 days in Warsaw in the years 1966–2018. In the case
of high mountain stations the values reached 163.7 for Kasprowy Wierch and 209.8
for Śnieżka. For the period 1985–2018, the values were the following: 7.1 days in
Bielsko-Biała, 1.4 days in Warsaw and Łeba, 159.3 days at Kasprowy Wierch and
206.1 days at Śnieżka. The coefficient of variability could be calculated for high
mountain stations only and for both periods it was as low as 8–10%. No statistically
significant trends were found for those two stations.

Number of Days with Fog of a Given Intensity

Three categories of fog intensity were considered: (1) dense fog: visibility <200 m,
(2) moderate fog: visibility <500m, (3) thin fog: visibility <1000m. For each combi-
nation of the factorsmentioned, only themeanvalues of the series could be calculated,
except high mountain stations where the trends can also be established. The highest
mean annual numbers of days with fog of a given intensity are the following:

• at 6 UTC: dense fog: 1966–2018: 9.3 days, 1985–2018: 9.4 days (Gorzów
Wielkopolski); moderate fog: 1966–2018: 9.7 days, 1985–2018: 9.6 days
(Kraków); thin fog: 1966–2018: 11.4 days, 1985–2018: 11.5 days (Lublin),

• at 12 UTC: dense fog: 1966–2018: 2.2 days, 1985–2018: 2.3 days (Gorzów
Wielkopolski); moderate fog: 1966–2018: 2.7 days, 1985–2018: 2.5 days
(Mława); thin fog: 1966–2018: 6.7 days, 1985–2018: 6.2 days (Bielsko-Biała),

• at 18 UTC: dense fog: 1966–2018: 3.3 days, 1985–2018: 2.9 days (Bielsko-
Biała); moderate fog: 1966–2018: 2.6 days (Bielsko-Biała), 1985–2018: 2.6 days
(Lublin); thin fog: 1966–2018: 5.7 days, 1985–2018: 5.8 days (Bielsko-Biała).

For high mountain stations, the mean annual number of days with dense fog
is very high for all measurement terms, while for other intensities the values are
much lower. The linear trends could be calculated for dense fog series only. For
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Kasprowy Wierch, the mean annual number of days with dense fog in the years
1966–2018 reached 147 at 6 UTC, 148 at 12 UTC and 154 at 18 UTC. For Śnieżka,
the values are 173, 149 and 162, respectively. For the period 1985–2018, the values
for Kasprowy Wierch are: 154, 158 and 160, while for Śnieżka they reach: 176, 153
and 165. The coefficient of variability for all the series mentioned varied in the range
of 9–15%. For the period 1966–2018, linear trends were statistically significant for
Kasprowy Wierch only, and for all terms they presented an increase of the index
(relative trends in the range 2.8–5.6%/10 years). In the years 1985–2018, significant
trends were obtained for 6 (both stations) and 18 (Kasprowy Wierch) UTC, only.
Unlike for the longer period, all trends are negative (relative trends from −3.4 to
−5.5%/10 years). Most of the days with dense fog were noted in the cold half of
the year: 53–64% of the annual values. In the period 1966–2018, linear trends were
statistically significant for all terms for KasprowyWierch and in the case of Śnieżka
for 12 and 18 UTC. They indicated an increasing tendency (relative trends in the
range 4.0–7.4%/10 years). However, for the period 1985–2018, none of the seasonal
trends was found to be statistically significant.

Discussion and Conclusion

Through the analyses presented above it was possible to determine a few basic
features of fog occurrence in Poland. First of all, mountain areas show a distinctively
different regime of fog frequency than the rest of the country. Most days of the year
(around 80%) are foggy, and on about 60% of those days, the fog lasts over 12 h. For
each measurement term, on over 50% of days a dense fog is noted. Those values are
linked to the fact that the basis of low-level clouds is often located below mountain
peaks, and, additionally, there are many weather phenomena specific to mountainous
climates which can cause water vapour condensation. No significant multi-annual
changes in fog occurrence can be defined for the mountainous areas and the inter-
annual variability is very low. The only exception could be the frequency of dense fog
but the trends are opposite for 1966–2018 and 1985–2018, and furthermore, they are
not significant for many cases. Those results are in accordance with similar studies
for other mountains in Europe, as mentioned in the introductory section.

Another area that shows a distinctively different regime of fog frequency than the
rest of the country is the seaside area, located northernmost and exposed to the impact
of the open sea, represented by the station in Hel. Frequent strong winds contribute
to the fact that the number of days with fog is the lowest there (in comparison to the
rest of the country) and the inter-annual variability is high. Therefore, no statistically
significant trends can be determined.

In the lowland areas of northern and central Poland, and in the uplands of southern
Poland, specific local conditions seem to be the factors determining the fog frequency.
In each region, a high variability in fog occurrence can be observed among the stations
located there. In terms of long-term trends, there is no unification. For those stations
where fog occursmost often, statistically significant increasing trends were obtained,
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while for the others the trends are either decreasing or not significant statistically. The
only areawhich shows some uniformity is Central-Eastern Poland, represented by the
stations in Siedlce, Lublin and Włodawa. Strong increasing trends in annual number
of days with fog and days with fog lasting <6 h can be observed at all three stations.
Similar features can be found for two stations located at similar latitude but further to
the west:Mława andGorzówWielkopolski. However, at other neighbouring stations,
opposite tendencies can be observed, so no other region with uniform tendencies can
be identified. Those results are verified by the study published by Vautard et al. in
2009 (data for the years 1977–2007), where the whole territory of Poland is included
in a zone with a decrease in the days with low visibility. For most series analysed
in the present paper, high values of the coefficient of variability were found and that
feature seems to be the most important one concerning the application of the results
obtained. In terms of seasonal variability, fog occurs mainly in the cold half of the
year, but, other than mountainous areas, it occurs very irregularly and can constitute
a potentially dangerous weather factor for many human activities. As far as fog
duration is concerned, for those stations where a statistically significant increasing
trend in the number of days with fog (annual and in the cold half of the year) was
found, a significant increase in days with fog <6 h was found as well. For longer
durations, only decreasing or no trends were obtained which might suggest that we
can expect similar conditions in the future. Bendix (1994, 2001, 2002) showed that
satellite images can be very useful in fog research. Taking under consideration that
fog is a very localized phenomenon, it seems necessary to develop downscaling
methods of satellite image processing in order to improve fog prediction on a local
scale as well as the spatial approach in long-term analyses.
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Słupia). Rocz Świętokrz Ser B 27:265–279



Chapter 19
Changes in Bioclimatic Indices

Magdalena Kuchcik, Krzysztof Błażejczyk, and Agnieszka Halaś

Abstract This paper assesses changes in bioclimatic conditions in Poland using two
indices: the Universal Thermal Climate Index (UTCI) and Physiological Subjective
Temperature (PST). The indices were calculated using the BioKlima 2.6 software
package on the basis of several meteorological parameters (temperature, humidity,
cloudiness, wind speed),measured daily at 12:00UTC, from the period 1951–2018 at
24 stations representing different biometeorological regions. First, the spatial distri-
bution of UTCI and PST values and the frequency of different thermal stress and
thermal sensation categories are presented, with the various thermal stress and sensa-
tion categories grouped into 3 for each index. Then, the absolute values and rela-
tive percentage trends (compared to 1951) are calculated for ten-year periods and
days with specific characteristics. The analysis shows a significant increase in the
minimum and mean values of the applied indices during the period under investiga-
tion over all areas of Poland, including the mountains, especially in the north-east
(where UTCI minimum values rose up to 1.8 °C per decade) and Tarnów in the
south-east (up to 2.2 °C per decade). The rise of UTCI summer maximum values
was significant only in the north-east and north-west of Poland (0.3–0.5 °C per
decade) and in the mountain foothills (0.3–0.4 °C per decade). The changes in PST
maximum values were insignificant. On average, in every decade, the number of cold
days reduced by 2.7 in the case of PST and 3.2 on the UTCI. However, in the north-
east, the reduction was much greater, at 7 days per 10 years (UTCI) and 6 days when
considering PST. Regionally, the greatest increase in the mean and minimum values
of the indices used and the decrease in the frequency of cold days were observed in
north-eastern, eastern and western Poland, i.e. the regions most exposed to frequent
changes in air circulation, which is hypothesised to play the main role in shaping
bioclimatic conditions in Poland.
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Introduction

Human beings are permanently under the influence of atmospheric stimuli. They
impact particular systems and organs of our bodies. Special attention must be paid
to the so-called “thermal environment”, which comprises both the atmospheric heat
exchange conditions (stress) and the physiological response (strain) (Jendritzky et al.
2012). The magnitude of thermal impacts depends not only on air temperature but
also on the intensity of solar radiation, air humidity and wind speed, which together
create man’s bio-thermal environment (Gasparini et al. 2015; Köppe et al. 2004).
Human organisms react to ambient stimuli and endeavour to balance the heat budget
and to keep the thermal equilibrium of the body core.

Balancing the human heat budget in variable atmospheric conditions is achieved
by the autonomous thermoregulatory system, additionally supported by behavioural
adaptation (International… 2003; Havenith 2001; Kenney andMunce 2003; Parsons
2003). The type and magnitude of adaptation depend on the thermal environment.
In hot conditions, heat equilibrium within the body is mainly regulated through
increased bodily sweating and consequent evaporation-induced cooling (Elizondo
and Bullard 1971; Givoni and Goldman 1973; Kenney 1985; Hajat et al. 2007;
Cheshire 2016). In a cold environment, heat balance is regulated by reduction of
heat loss from the body (through vasoconstriction) and by production of heat by
shivering (le Blanc 1975; Clark and Edholm 1985; Holmér 1988; Guyton and Hall
2006).

Several biometeorological indicators of heat exposure have been developed to
incorporate physical properties of the ambient environment. In general, thermal stress
indices can be divided into 3 groups (NIOSH 1986; Parsons 2003): 1) Indices that
are based on calculations involving the heat balance equation (“rational indices”), 2)
Indices that are based on objective and subjective strain (“empirical indices”) and 3)
indices based on direct measurements of environmental variables (“direct indices”).
Indices of the first two groups depend on many variables (both meteorological and
physiological). However, the third group needs special, unique measuring devices.
Themain advantage of rational and direct indices is to assess how ambient conditions
influence the human organism. Recently, reviews of biometeorological indices have
been presented by Epstein and Moran (2006) and Błażejczyk et al. (2012), as well
as by de Freitas and Grigorieva (2017).

To assess changes in bioclimatic conditions in Poland, the authors have used
two indices which represent different relationships between the atmosphere and
the human organism. The Universal Thermal Climate Index (UTCI, Błażejczyk
et al. 2012; Bröede et al. 2012) shows the physiological reactions of an organism
to atmospheric stimuli and the intensity of such reactions, defined by objective
measures of heat stress and cold stress. However, Physiological Subjective Temper-
ature (PST, Błażejczyk and Matzarakis 2007; Błażejczyk and Kunert 2011) tells us
how the Central European population feels thermal stimuli of ambient conditions:
PST indicates subjective thermal sensations in man.
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Methods

To calculate daily values of UTCI and PST, data of air temperature, relative humidity,
total cloud cover and wind speed at 12:00 UTC were applied. The analysed period
comprises 68 years, from 1951 to 2018. Because of the complexity of bioclimatic
indices, only 24 stations have been chosen.

Calculations of bioclimatic indices were made using the BioKlima 2.6 software
package. We consider minimum, mean and maximum values and frequencies of
selected categories of thermal stress (UTCI) and thermal sensations (PST). Trends
and their statistical significance were verified with Statgraphics Centurion XVI,
version 16.2.04. The relative trends of the percentage rise/fall of particular days
were calculated using 1951 as the baseline.

TheUTCI is defined as the air temperature (Ta) of the reference condition, causing
the same model response as the actual condition. Thus, UTCI is the air temperature
which would produce, under reference conditions, the same thermal strain as in the
actual thermal environment. The offset, i.e. the deviation of UTCI from air tempera-
ture, depends on the actual values of air temperature (Ta) and mean radiant tempera-
ture (Tmrt), wind speed (va) and humidity, expressed as water vapour pressure (vp)
or relative humidity (RH). Table 19.1 presents the labelled stress categories. In the
analysis, all stress categories according to UTCI ≤ −13.0 °C were grouped as cold
stress, while UTCI > 32 °C was defined as heat stress.

The Physiological Subjective Temperature (PST) is derived from the Man-
ENvironment heat EXchange model, first published in 1994 (Błażejczyk 1994).
In the most recent modifications (Błażejczyk 2005; Błażejczyk and Kunert 2011),
the MENEX_2005 model proposes several thermo-physiological indices, including
Physiological Subjective Temperature (PST). PST represents the subjective feeling
of the thermal environment that is caused by signals of cold and/or warm receptors
in the skin, and in the nervous system. Thus, PST is defined as the temperature that
is formed around the skin surface, under clothing, after 15–20 min of adaptation to

Table 19.1 UTCI equivalent
temperature categorised in
terms of thermal stress

UTCI (°C) Objective thermal stress UTCI categories
considered in research

< −40 extreme cold stress Cold stress

(−40, −27] very strong cold stress

(−27, −13] strong cold stress

(−13, 0] moderate cold stress Not considered

(0, 9] slight cold stress

(9, 26] no thermal stress

(26, 32] moderate heat stress

(32, 38] strong heat stress Heat stress

(38, 46] very strong heat stress

> 46 extreme heat stress
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Table 19.2 Thermal
sensations according to PST

PST (°C) Subjective thermal
sensation

PST categories
considered in research

< −36 Frosty Cold

(−36, −16] Very cold

(−16, 4] Cold

(4, 14] Cool Comfort

(14, 24] Comfortable

(24, 34] Warm

(34, 44] Hot Hot

(44, 54] Very hot

>54 Sweltering

maintain homeothermy. In the analysis, particular thermal sensation categories were
grouped into 3: cold (PST≤ 4.0 °C), hot (PST> 34.0 °C) and comfort, which includes
cool and warm sensations (Table 19.2). As a result, the PST analysis comprised all
the days of the year, though UTCI represented only some days, the most “extreme”
ones.

Spatial Distribution of Bioclimatic Conditions in Poland

The bioclimatic conditions of Poland are spatially differentiated. According to
specific patterns of geographical environment, themonitoring stations can be divided
into three groups: coastal (which are influenced by the Baltic Sea), mountainous
(where vertical changes of meteorological parameters create the climate and biocli-
mate of the area) and lowland (which are strongly influenced by oceanic and
continental air masses traversing Poland, mainly from the west and east).

However, considering the spatial distribution of absolute maximum, minimum
and mean values of UTCI and PST and the number of days with specific conditions,
this simple climatic regionalisation will get complicated. The highest UTCI values
are noted in the north-west part of Poland and in Tarnów, situated in the south
in the Sandomierski Basin, close to the Carpathian foothills (UTCI exceeds 42 °C)
(Fig. 19.1a). The spatial differentiation of yearlymeanUTCI values follows diagonal
belts running from north-west to south-east: the lowest values are noted in the north-
east, the highest in the south, except in the mountains (Fig. 19.1b). Stations located
in north-eastern and eastern Poland are influenced by frequent impacts of arctic
and polar continental air masses. This results in great seasonal differentiation in the
bioclimate, with severe winters and hot summers. On average, according to UTCI,
11.9–20.8% of days in the year (43–76 days) represent cold stress and only 0.8–1.8%
(3–5 days) show heat stress (Fig. 19.2a, c).
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Fig. 19.1 Yearly mean, the absolute high (max) and the absolute low (min) values of UTCI (a, b,
c) and PST (d, e, f), 1951–2018
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Fig. 19.2 Mean frequency of selected UTCI (a, b, c) and PST categories (d, e, f), 1951–2018
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Because Fig. 19.2 presents the frequency of selected UTCI and PST categories
(%), the authors decided not to duplicate this data in the text but describe the
corresponding yearly number of days.

At the mountain stations, very low values of bioclimatic indices are registered
(Fig. 19.1c, f). These regions are characterised by increased frequencies of cold
stress and cold thermal sensations, which, according to PST, occur almost 330 days
a year (Fig. 19.2f). Heat stress days and hot sensations are almost never observed
there (Fig. 19.2a, d).

High absolute UCTI or PST values on the coast are not reflected in the frequency
of heat-stress days. Coastal locations are characterised by lower frequency of heat
stress (0.4–0.6% of the year, meaning just 1–2 days) and hot thermal sensations
(9–15 days) (Fig. 19.2a, d).

Within lowland stations, bioclimatic characteristics vary significantly. In western
locations, the impact of oceanic (mostly polar) air masses is observed, giving, on
average, only 19 days with cold stress (UTCI) and 8 days with heat stress. The most
southerly parts of the lowland areas (Wrocław) can be considered the warmest in
Poland, with significantly high frequency of heat stress (8 days) and 33 days with hot
thermal sensations. The highest number of heat-stress days is noted in Tarnów (4%,
which means 15 per year on average, but 35 days in 2012 and 2015) (Fig. 19.2a).

Changes of Bioclimatic Conditions in Poland, 1951–2018

Multiannual changes of bioclimatic conditions in Poland were analysed for 24
stations, representing different regions. We considered mean, maximum and
minimum annual values (°C) of UTCI and PST. The changes in the frequency
(number of days per year) of selected UTCI and PST categories were also studied.
To compare changes in bioclimatic characteristics, we used 10-year trends of the
variables used. The relative trends of the rise/fall of particular days in percentage
terms were calculated in relation to 1951.

Changes of Universal Thermal Climate Index (UTCI)

Over such a long period (1951–2018), the changes in UTCI values were notice-
able and mostly statistically significant at the 5% level. The average trend of the
annual maximum values of UTCI (UTCImax)—which represent the summer (June–
August)—is the smallest (+0.2 °C per 10 years), though it reaches +0.5 °C/10 years
in the north-east of Poland. 11 of the analysed stations are characterised by small,
positive and statistically significant trends from+0.2 °C to+0.5 °C per 10 years and
for 2 stations at specific locations (Kasprowy Wierch—the highest station in Poland
and Hel—located on the outthrust Baltic Sea peninsula), the trend of UTCImax is
negative (Fig. 19.3a).
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Fig. 19.3 10-years trends of UTCI maximum (a), mean (b) and minimum (c) values and PST
maximum (d), mean (e) and minimum (f) values, 1951–2018. Statistical significance at the 5%
level
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On average, mean UTCI (calculated as the average of particular trends) has
increased by +0.4 °C per 10 years, but the trends differ between cities and regions.
Thebiggest rise characterises the coolest (Suwałki+0.9 °C/10years) and thewarmest
areas of Poland (Tarnów +0.9 °C/10 years, Świnoujście +0.8 °C/10 years). A much
lower rising trend occurs in the central part of Poland (from +0.3 °C to +0.6 °C per
10 years), while even lower trends characterise the mountains (from +0.2 °C to +
0.4 °C per 10 years). However, the positive rising trends are statistically significant
for all but 5 of the 24 analysed stations (Fig. 19.3b).

The average trend of the lowest (annual minimum) UTCI values (UTCImin)—
which represent the winter—was +1.1 °C/10 years, which was much higher than
the trend of mean UTCI. The highest trend was observed in Tarnów (the warmest
station), where it reached+2.2 °C per 10 years, but in the north-east of Poland, trends
are also very high and equal +1.8 °C/10 years in Suwałki, and only slightly less in
Mikołajki and Białystok. At stations located in the central part of Poland, the trends
of UTCImin do not show significant regularities (Fig. 19.3c).

Not only trends but also year-to-year changes are important. Figures 19.4, 19.5,
19.7 and19.8 showexamples ofUTCI andPSTmulti-year course in 4 chosen stations.
They represent the coastal, thewesternmost area (Świnoujście) andmountain regions
(Śnieżka), as well as the coldest (Suwałki) and thewarmest (Tarnów) areas of Poland.

There are clear rising trends of UTCI at the coldest and the warmest stations.
However, in Suwałki, throughout the period, there are sub-periods of clearly lower
UTCI values (1970–1986) and of elevatedUTCI values 1992–2002,with one, distinct
peak in 1994 (Fig. 19.4a, b). In Tarnów, the growth of UTCI is more stable, and the
line of 10-year averages lies much closer to the trend line (Fig. 19.4d, e).

When analysing year-to-year changes of UTCI values, it should be emphasised
that the fluctuations of UTCImin are 3 times bigger than of UTCImax, especially
at stations located in northern and eastern Poland, e.g. Świnoujście, Mikołajki,
Białystok, Lesko and Tarnów (Fig. 19.4). The smallest year-to-year changes of
UTCImin are typically for summit stations (Kasprowy Wierch and Śnieżka), but
even more stable conditions in this context occur at the foot of the mountains
(Zakopane, Jelenia Góra). The changes of UTCImax are the highest on the western,
northern and north-eastern edges of Poland, the areas frequently reached by fresh
air masses (Świnoujście, Szczecin, Ustka, Suwałki). The smallest year-to-year
UTCImax changes characterise southern regions of Poland (Katowice, Lesko).

In humans, physiological reactions to heat and cold stress or the perception of the
environment as neutral according to UTCI, are more important than UTCI values
themselves: this is why the changes in the frequency of thermal stress categories
are analysed. In this study, we considered these three categories of thermal stress
(Table 19.1): heat, cold and no thermal stress.

The obvious rise of UTCI values results in the increase of heat-stress days (most
spectacularly in Tarnów and Suwałki, but high also in Wrocław or Słubice) and
neutral days (especially high in Świnoujście). The lowest changes in the number of
heat-stress days are observed on the sea coast. The decrease of cold-stress days is
high and stable (as in Tarnów) or outstanding but of great variability, as in Suwałki,
characterised by periods of high frequency of cold-stress days (1970–1984, up to
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Fig. 19.4 Changes inmaximum(max),mean andminimum(min) annual values ofUTCI inSuwałki
(a, b, c) and Tarnów (d, e, f), 1951–2018

115 days in 1980), followed by low frequency years (48 days in 1990 and only 32
in 2015) (Fig. 19.5).

Primarily, at all stations, a strong, negative trend in the annual number of cold-
stress days is observed. Its average value is −3.2 days/10 years, which gives
6% per decade compared to 1951. The greatest reduction in cold-stress days is
observed in Suwałki (−6.9 days/10 years; relative trend: − 7% per 10 years); Hel
(−6.2 days/10 years; relative trend:−8.9%) and Białystok (−5.8 days/10 years; rela-
tive trend: −9.2%). At 18 of the 24 analysed stations, the decrease in the number of
cold-stress days is statistically significant (Fig. 19.6c, f).

At most of the stations which experienced a significant drop in cold stress, a
significant rise in neutral thermal conditions was noted. The average increasing trend
of no-thermal-stress days equals 1.7 days/10 years (relative trend: 1.5%/10 years)
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Fig. 19.5 Changes in annual frequency of days with different thermal stress categories according
to UTCI (heat, neutral, cold stress) in Suwałki (a, b, c), Tarnów (d, e, f), Świnoujście (g, h, i) and
Śnieżka (j, k), 1951–2018

but it ranges from+5.3 days/10 years in Świnoujście, through 1.3–2.9 days/10 years
in central Poland to 0.8–1.0 days/10 years in Lesko and Zakopane (Fig. 19.6b, d).

The rise of heat stress is much lower than the reduction in cold-stress days, at
an average of 0.5 days/10 years, but it gives a 49% relative trend per decade as
compared to 1951. In the south, it reaches 1.9 days/10 years in Tarnów and 0.6–
1.1 days/10 years in the east of Poland (Terespol, Suwałki, Białystok, Lublin).
However, most stations are characterised by small, statistically insignificant rises
in heat stress days (Fig. 19.6a). Although the absolute value of the trend in Suwałki
was only 0.8 days/10 years, the relative trend showed almost 700% rise in heat-stress
days in the analysed period as compared to 1951, since the observed frequency of
those days has risen from 1.4 in the decade 1951–1960 to 6.3 in the last 10 years
(Fig. 19.6d).
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Fig. 19.5 (continued)

Changes of Physiological Subjective Temperature (PST)

At the majority of stations, changes in mean annual PST values are statistically
significant at the 5% level. The average trend is+0.33 °C per 10 years. However, they
vary spatially. The highest trends were found for the coldest and the warmest regions
(Suwałki +0.8 °C, Świnoujście +0.8 °C and Tarnów +0.7 °C per 10 years). At
stations located in the central part of Poland (Wrocław, Płock, Kielce, Lublin), trends
are, for the most part, low and statistically insignificant. Comparing the mountain
regions, a higher trend occurs in the Sudetes (+0.3 °C/10 years at Śnieżka) than in
the Carpathians (0.2 °C/10 years at Kasprowy Wierch) (Fig. 19.3e).

Changes in the minimum annual values of PST are also statistically signifi-
cant. These represent the cold season (December–March). The average trend is +
0.2 °C/10 years and, again, high values (about +0.4 °C/10 years) were found for
Świnoujście, Suwałki and Tarnów and the lowest for central Poland. The highest
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Fig. 19.6 10-years trends of days with different thermal stress categories according to UTCI:
absolute value of the trend of heat-stress days (a), neutral days (b), cold-stress days (c), and relative
value of the trend, compared to 1951, of heat-stress days (d), neutral days (e), cold-stress days (f),
1951–2018. Statistical significance at the 5% level
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trends of PSTmin (+0.5 °C,+0.6 °C/10 years) are also observed at elevatedmountain
stations (Śnieżka, Kasprowy Wierch) (Fig. 19.3f).

However, annual maximum figures for PST—which represent the warm season
(June–August)—did not change significantly during the period studied; the average
trend is only +0.02 °C per 10 years. Only one station, Chojnice, recorded a trend
that is statistically significant and negative (Fig. 19.3d).

When considering year-to-year changes in PST values, it can be emphasised that
the greatest fluctuations occur at PSTmax, especially at stations located in cold
areas (mountains, north-eastern and eastern Poland). In the case of PSTmin, higher
year-to-year variability was observed at coastal and lowland stations.

Physiological Subjective Temperature doesn’t show such strong growth as UTCI.
The highest rise concerns the yearly mean PST value. As with UTCI, this growth is
steadier in Tarnów than in Suwałki, where periods of lower values appeared between
1976 and 1982 (Fig. 19.7).

In bioclimatic research, assessment of the frequency of different categories of
the indicators used is very important. As mentioned, in the present research, we
considered three categories of thermal sensations: cold, comfortable and warm (see
Table 19.2).

When analysing the course of the frequency of different thermal sensation cate-
gories, we can see great year-to-year variability, especially in the case of cold and
comfortable sensations (Fig. 19.8). The most stable conditions were found at moun-
tain stations, though the increase in days of hot sensations in Tarnów is noticeably
greater than in Suwałki, where, in turn, the decrease in cold sensation days is higher.
In the north, at both western and eastern stations, clear periods of lower frequency
of comfort days and higher occurrence of cold days are noted (between 1969 and
1986), while, in the south, there is no such clear pattern.

At all stations, we observe negative trends in the annual number of cold sensa-
tion days. The average value is −2.7 days/10 years (relative trend: −1.2% per
10 years). The greatest reduction in cold sensation days was observed in Świnoujście
(−6.8 days;−2.8% per decade relatively to 1951), Suwałki (−6.1 days;−2.3% rela-
tive trend/10 years), Tarnów (−4.7 days;−2.2%/10 years) andKatowice (−4.7 days).
For 17 stations, these decreases are statistically significant. At mountain stations, as
well as in central Poland, the change trends of cold days are small and insignificant
(Fig. 19.9c, f).

An increase in the number of comfortable and hot-sensation days was observed
in the studied period, especially in the north-east and north-west of Poland, where
average values are +1.6 and +1.2 days per 10 years, respectively. The greatest
increase in comfortable days was found for Świnoujście (+5.1), and of hot days for
Tarnów (+3.8). However, at many stations, such trends are insignificant (Fig. 19.9).
Świnoujście and Suwałki are characterised by the highest relative trend of hot days,
compared to 1951, with over 21% increase in hot-sensation days per 10 years
(Fig. 19.9d).
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Fig. 19.7 Changes in maximum (max), mean andminimum (min) annual values of PST in Suwałki
(a, b, c) and Tarnów (d, e, f), 1951–2018

General Assessment of Bioclimatic Conditions’ Changes

The analysis of the changes in bioclimatic conditions has shown significant increases
inminimumandmeanvalues of the applied indices during the period studied. Positive
changes in maximum UTCI values (which occur in the summer) were significant in
the north-east and north-west of Poland (0.3–0.5 °C per 10 years), as well as in the
foothills of the Sudetes and Carpathian Mountains (0.3–0.4 °C per 10 years), though
the changes of PST maximum values were insignificant. Such data suggest that the
general increase in subjective temperatures and thermal stress in Poland depends
mostly on changes in climate variables (temperature, humidity, cloudiness and wind
speed) in the cold months. This is confirmed by trends in the frequency of thermal
sensations and thermal stress categories related to cold environments. Both UTCI
and PST minimum values showed significant increases in the whole area of Poland,
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Fig. 19.8 Changes in annual frequency of days with different sensations categories according to
PST (hot, comfort, cold) in Suwałki (a, b, c), Tarnów (d, e, f), Świnoujście (g, h, i) and Śnieżka (j,
k), 1951–2018

including the mountains, but especially in the north-east, where UTCImin growth
was up to 1.8 °C per 10 years, and Tarnów in the south-east (up to 2.2 °C per 10 years).
On average, in every decade, the number of cold days fell by 2.7 days in the case
of PST (average relative trend: −1.2%/10 years), and −3.2 days per 10 years on the
UTCI (average relative trend: −6.0%/10 years), but in the north-east the reduction
was much greater, at 7 days per 10 years (UTCI, relative trend:−7.0%/10 years) and
6 days when considering PST (relative trend: −2.3%/10 years).

Regionally, the greatest increase in mean and minimum values of the indices
used and decrease in the frequency of cold days were observed in north-eastern,
eastern and western Poland, i.e. in the regions most exposed to frequent changes in
air circulation. To these regions, Tarnów has to be added because, after a huge rise
in UTCI, it has become the warmest city among those analysed in terms of UTCI.
In the central region, the changes were smaller. This, however, does not reflect the
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Fig. 19.8 (continued)

pattern of growing sunshine throughout Poland and even more strongly suggests an
important role for air circulation in forming bioclimatic conditions in Poland.

Discussion and Conclusions

In previous research dealingwith long-term changes in Poland’s bioclimate, different
indicators were used. Błażejczyk and Twardosz (2002, 2010) analysed changes in
bioclimatic conditions in Krakow in the nineteenth and twentieth centuries, using
many indexes, but also physiological subjective temperature. In the years 1826–2006,
PST grew significantly in January by 0.95 °C per 100 years. In April, PST increased
from about 1 °C at the beginning to 4 °C at the end of the studied period. PST was
used in a few Polish descriptions of the bioclimate of health resorts in the years
1971–1990 (Kozłowska-Szczęsna et al. 2002; Błażejczyk and Kunert 2011) or the
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Fig. 19.9 10-years trends of days with different thermal sensations categories according to PST:
absolute trend value of hot days (a), comfort days (b), cold days (c), and relative trend value,
compared to 1951, of hot days (d), comfort days (e), cold days (f), 1951–2018. Statistical significance
at the 5% level
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therapeutic potential of the Polish climate (1991–2000, Kuchcik et al. 2013), but no
trends were calculated then, so the comparison is impossible.

The Universal Thermal Climate Index, since its final development in 2009, has
gained worldwide recognition and it was used in numerous different climate-human
studies, which it was mainly created for (e.g. Kuchcik et al. 2013; Morabito et al.
2014; Nastos and Matzarakis 2012; Urban and Kyselý 2014; Błażejczyk et al. 2015,
2018; Gao et al. 2018), but also in bioclimate-change studies, e.g. in Hungary in the
years 1971–2000 (Németh 2011) or inChina in the years 1981–2010 (Chi et al. 2018),
the whole of Europe (di Napoli et al. 2018) and across the world, including Poland.
Some papers do not analyse the trends, observing only the values or the frequency
of heat-stress days, as in Lublin in the years 1952–2010 (Dobek and Krzyżewska
2015) or in Warsaw in the years 1998–2015 (Rozbicka and Rozbicki 2018).

Only a few studies have analysed the trends and the changes in UTCI values. The
analysis of UTCI trends in the years 1975–2014 in the biggest Polish cities confirms
the results obtained in this paper: the highest and statistically significant fall in the
number of cold-stress days (reaching 3 days/10 years from 1975 to 1989) and rise
in heat-stress days was noticed in north-east Poland, with only a significant fall in
cold-stress days on the coast (in Gdańsk, close to Hel) and no rise in heat-stress
days, etc. (Kuchcik 2017). Another long-term analysis of UTCI (1966–2015) in the
whole area of Poland showed very similar results, e.g. a rise in heat-stress days of
1.3 days/10 years in north-east Poland (Suwałki) or of 2.0 days/10 years in the south
(Rzeszów, close to Tarnów) (Tomczyk and Owczarek 2019).

The multiannual pattern of days with different thermal sensations and thermal
stress categories also shows an increase in hot and neutral days and a decrease in
the number of cold days. The observed changes in bioclimatic indices do not exactly
reflect the pattern of growing sunshine duration throughout Poland, it correlatesmore
with increases ofmean cloudiness especially inwinter in the years 1985–2018, which
is described in Chap. 10 Change of cloudiness.

References

Błażejczyk K (1994) New climatological- and -physiological model of the human heat balance
outdoor (MENEX) and its applications in bioclimatological studies in different scales. Zeszyty
IGiPZ PAN 28:27–58

Błażejczyk K (2005) New indices to assess thermal risks outdoors. In: Holmér I, Kuklane K, Gao
Ch (eds) Environmental ergonomics XI, Proc. Of the 11th International Conference, 22–26 May,
Ystat, Sweden, pp 222–225

Błażejczyk K, Baranowski J, Błażejczyk A (2015) Wpływ klimatu na stan zdrowia w Polsce: stan
aktualny oraz prognoza do 2100 roku. Wyd. Akademickie SEDNO, Warsaw

Błażejczyk A, Błażejczyk K, Baranowski J, Kuchcik M (2018) Heat stress mortality and desired
responses of healthcare system in Poland. Int J Biometeorol 62:307–318. https://doi.org/10.1007/
s00484-017-1423-0

Błażejczyk K, Epstein Y, Jendritzky G, Staiger H, Tinz B (2012) Comparison of UTCI to selected
thermal indices. Int J Biometeorol 56(3):515–535. https://doi.org/10.1007/s00484-011-0453-2

https://doi.org/10.1007/s00484-017-1423-0
https://doi.org/10.1007/s00484-011-0453-2


490 M. Kuchcik et al.

Błażejczyk K, Kunert A (2011) Bioklimatyczne uwarunkowania rekreacji i turystyki w Polsce, 2nd
edn, Monografie IGiPZ PAN, p 13

Błażejczyk K, Matzarakis A (2007) Assessment of bioclimatic differentiation of Poland based on
the human heat balance. Geographia Polonica 80(1):63–82

Błażejczyk K, Twardosz R (2002) La variabilité des charges thermiques de l’homme a Cracovie au
XXe siecle. Publications de l’AIC 14:413–419

BłażejczykK, Twardosz R (2010) Long-term changes of bioclimatic conditions in Cracow (Poland).
In: Przybylak R, Majorowicz R, Brázdil J, Kejna M (eds) The Polish climate in the European
context: an historical overview. Springer, Science+Business Media B.V, pp 235–246

Bröde P, Fiala D, Błażejczyk K, Holmér I, Jendritzky G, Kampmann B, Tinz B, Havenith G
(2012) Deriving the operational procedure for the Universal Thermal Climate Index (UTCI).
Int J Biometeorol 56(3):481–494. https://doi.org/10.1007/s00484-011-0454-1

Cheshire WP (2016) Thermoregulatory disorders and illness related to heat and cold stress. Auton
Neurosci: Basic Clin 196:91–104. https://doi.org/10.1016/j.autneu.2016.01.001

Chi X, Cubasch U, Cao W (2018) The thermal comfort and its changes in the 31 provincial capital
cities of mainland China in the past 30 years. Theor Appl Climatol 132(1–2):599–619. https://
doi.org/10.1007/s00704-017-2099-4

Clark RP, Edholm OG (1985) Man and his thermal environment. E. Arnold Ltd., London
de Freitas CR, Grigorieva AE (2017) A comparison and appraisal of a comprehensive range of
human thermal climate indices. Int J Biometeorol 61(3):487–512. https://doi.org/10.1007/s00
484-016-1228-6
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Chapter 20
Change of Weather Types

Katarzyna Piotrowicz and Dominika Ciaranek

Abstract This chapter’s overarching goal is to evaluate the change tendencies of
weather types identified on the basis of three meteorological elements: air tempera-
ture, cloudiness and precipitation as well as by the latest Woś classification (Woś
2010). It was determined that the number of days with very warm weather (3-
-), especially cloudy without precipitation and with precipitation (310 and 311)
increased, while dayswhich are fairly frost (9--) and/or have ground-frost (5-- and 6--
) decreased. It was found that there is a decreasing tendency in the number of weather
types in a year (a statistically significant trend in 75% of the surveyed stations) in
Poland. This indicates that the weather throughout the year was more stable.

Introduction

In order to learn more about the climatic conditions of a given city or region, espe-
cially their long-term variability, it is essential to analyse the frequency of weather
types. This concept, in accordance with the assumptions of complex climatology, is
understood to mean the daily course of values of individual meteorological elements
with similar characteristics, but analysed together. According tomany climatologists,
characterising the climate by analysing individual meteorological elements does not
give a full picture of its features (Kossowski 1968; Woś 1999). Such an analysis
omits a very important fact—their interdependence.

In Poland and internationally, there are few studies analysing the climate of a given
place in terms of a complex climatology, especially taking into account the long-term
series ofmeteorologicalmeasurements and observations (Maheras 1984, 1985, 1988;
Lotko-Łozińska 1992; Michailidou et al. 2009a, b). Existing weather classifications
most often belong to bioclimatic or synoptic classifications, which were developed
for specific purposes (Błażejczyk 2004; Durło 2005; Kaszewski 1992).
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The most important contribution to understanding the diversity of weather types
in Poland was made byWoś (1999, 2010). In the course of his many years of research
(Woś 1968, 2010), the author has modified his classification several times. This work
uses its latest version (Woś 2010), which was, compared to the previous one (Woś
1999), limited to 8 (out of 11) thermal types of weather. Methodological details of
this classification are presented in the next Sect. (“Data and Methods”).

The weather classifications of Woś have been used by many authors, including
Kaszewski (1992), Kożuchowski (1996), Lotko-Łozińska (1994), Nagórska (1998),
Durło (2003), Więcław (2004), Piotrowicz (2010), Ciaranek and Piotrowicz (2014),
and Piotrowicz and Ciaranek (2020). It was also modified by introducing additional
meteorological elements (e.g. wind speed or sunshine duration) and slightly different
ranges of values (Marsz 1992; Lotko-Łozińska 1994; Ferdynus 1997; Ferdynus and
Marsz 2000; Ferdynus 2004; Piotrowicz 2010; Dobrowolska 2018). This was the
result of, among other things, the adaptation of Woś’ weather classification to the
analysis of weather types’ structure and annual climate seasonality in polar areas
or various Asian climate zones. A classification similar to Woś’ assumptions but
developed for the needs of phytoclimatology was introduced by Durło (2005).

Weather types distinguished according toWoś classification (or its modifications)
were also analysed in connection with various types of atmosphere circulation (e.g.
Bogucki and Woś 1994; Nagórska 1998; Więcław 2004; Piotrowicz et al. 2016).
They were also used to determine the seasonal climate structure (including season
distinction) and to Polish climate regionalisation (Woś 1999, 2010; Piotrowicz 2010;
Kożuchowski 2011). Until now, there have been few papers analysing changes and
variability of weather types over many years (Piotrowicz 2010). This chapter is
therefore the first study that presents the trends in changing weather types in several
dozen Polish cities in the period 1951–2018.

Data and Methods

The meteorological data (1951–2019) from 24 stations representative of various
climate regions in Poland (Woś 2010; Kożuchowski 2011) as well as the latest Woś
classification (2010) were used in the paper. The author, dividing the weather of
each day into specific types, took into account three meteorological elements: air
temperature (daily average, maximum and minimum), average daily cloud cover
and daily total precipitation (Table 20.1). Their values were classified into specific
ranges: eight for temperature, three for cloud cover and two for rainfall. As a result,
Woś (2010) distinguished 48 types of weather, which were identified by a number
and description (Table 20.1).

Woś (1999) also makes it possible to analyse weather types taking into account
only air temperature (thermal weather types), cloudiness and precipitation (weather
subtypes). These elements may also be combined into three weather units: (1) warm,
startingwith codes 3, 2 and 1, i.e. verywarm,warm and cool weather types; (2) frosts,
i.e. ground-frost cold (5) and ground-frost very cold (6); (3) frosty, i.e. starting with
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Table 20.1 Weather types classification by Woś (2010)
No Partition Name of the days

Air temperature (Thermal weather types)
3-- Tmean >15.0°C

Tmax>0.0°C
very warm

2-- Tmean 5.1-15.0°C warm
1-- Tmean 0.1-5.0°C cool
5-- Tmean  >0.0°C Tmin≤0.0°C 

Tmax>0.0°C
ground-frost, cold

6-- Tmean  ≤0.0°C ground-frost, very cold
8-- Tmean 0.0÷-5.0°C

Tmax≤0.0°C
moderately frosty

9-- Tmean -5.1÷-15.0°C fairly frosty
0-- Tmean <-15.0°C very frosty

Cloudiness (C) and Precipitation (P)
-00 C ≤20% and P <0.1 mm sunny without precipitation
-01 C ≤20% and P ≥0.1 mm sunny with precipitation
-10 C 21-79% and P <0.1 mm cloudy without precipitation
-11 C 21-79% and P ≥0.1 mm cloudy with precipitation
-20 C ≥80% and P <0.1 mm very cloudy without precipitation
-21 C ≥80% and P ≥0.1 mm very cloudy with precipitation

Eg. 210 – warm, cloudy without precipitation 

code 8, 9 and 0, which corresponds to types moderately frosty, fairly frosty and very
frosty (Table 20.1). The absence of any element in the highlighted code (symbol) is
replaced by a dash (-). For example, the code 300 means very warm and sunny day
without precipitation, while 811—moderately frosty, cloudy with precipitation (see
Table 20.1).

This chapter briefly presents the average annual number of days of distinguished
types. Their more specific characteristics can be found in the work of Woś (2010), in
which the data from 46 stations (1951–2000) were used. The provided values give
the opportunity to compare changes that have occurred in the average number of
individual types within the last 18 years. Special attention was paid to the long-term
variability of the analysed types of weather. Their trends were determined on the
linear regression equation basis.

In addition, the meteorological measurements and observations from the climato-
logical station in Kraków (Jagiellonian University Observatory) from 1901 to 2018
(118 years) were used in the chapter.

Mean Annual Number of Days with Particular Weather
Types

Depending on the region, the most common types of weather in Poland are:

– warm, cloudy without precipitation (210), especially in the northern part of the
country (Łeba, Szczecin),

– warm, very cloudywith precipitation (221), especially in the south (Bielsko-Biała,
Zakopane),
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– very warm, cloudy without precipitation (310), especially in the central part
(Warszawa, Poznań).

Each of these three types occurred on average from about 30 to just over 50 in a
year (Tables 20.2–20.4). At stations representing mountain areas (KasprowyWierch,
Śnieżka) the dominant type of weather is fairly frosty, very cloudy with precipitation
(921), on average about 49 days a year (Table 20.4).

There are slightly less frequent days in Poland:

– warm, cloudy with precipitation (211),
– warm, very cloudy without precipitation (220),
– very warm, cloudy with precipitation (311),
– cool, very cloudy with precipitation (121).

In total, the seven types of weather mentioned above constitute over 50% of the
days of the year at most of the analysed stations. Only in Zakopane (49.1%), Śnieżka
(35.7%) and Kasprowy Wierch (29.5%), i.e. stations located above 850 m a.s.l. the
incidence was lower. In addition to the aforementioned 921weather type, moderately
frosty, very cloudy with precipitation (821) were also very frequent (Tables 20.2–
20.4). As noted by Kożuchowski (2011) and what was confirmed in this study, a
greater concentration of the frequency of weather types occurs on the coast of the

Table 20.2 Mean annual number of days with very warm (3--), warm (2--) and cool (1--) weather
types in selected stations in Poland in the period 1951–2018

Station
very warm weather types warm weather types cool weather types

300 301 310 311 320 321 200 201 210 211 220 221 100 101 110 111 120 121
Łeba 10.0 0.4 30.3 18.0 2.9 9.1 11.8 0.4 49.9 34.8 12.6 39.4 0.8 0.0 10.3 8.0 8.6 23.3
Suwałki 11.3 0.5 33.3 18.0 3.2 8.5 8.9 0.2 39.8 24.4 13.4 35.3 0.2 0.0 5.4 4.1 8.1 19.0
Szczecin 14.3 0.5 39.6 22.7 4.1 11.7 8.9 0.2 46.5 33.6 15.7 38.6 0.4 0.1 8.3 7.8 7.7 16.5
Chojnice 10.7 0.3 33.0 15.7 4.4 10.4 7.8 0.2 43.2 28.9 15.1 41.4 0.4 0.0 6.1 5.1 7.7 20.9
Toruń 12.5 0.5 41.8 20.6 5.1 12.1 7.7 0.3 40.6 24.5 15.5 36.2 0.3 0.1 6.5 5.3 8.1 16.8
Olsztyn* 13.4 0.6 33.0 19.3 3.1 8.7 9.6 0.3 40.1 29.5 12.5 35.5 0.4 - 6.0 5.3 7.3 18.6
Białystok 12.0 0.5 37.8 20.2 3.1 9.3 8.8 0.3 39.6 22.7 13.0 35.0 0.3 0.1 4.9 3.3 7.9 17.2
Gorzów Wlk. 13.1 0.4 41.7 19.4 6.4 13.3 8.5 0.2 42.3 26.7 16.9 43.0 0.4 0.0 6.7 6.1 7.4 17.3
Poznań 13.9 0.4 45.2 22.4 4.0 10.4 8.6 0.2 45.8 26.3 14.1 36.3 0.4 0.0 7.4 5.6 7.1 16.1
Warszawa 13.6 0.5 48.1 24.0 2.9 8.1 8.5 0.3 45.3 26.1 11.1 32.9 0.2 - 6.5 4.5 7.9 15.6
Zielona Góra 14.5 0.4 42.4 21.2 5.1 11.2 9.1 0.3 45.4 26.8 15.5 41.6 0.6 0.0 6.6 6.3 6.0 17.1
Wrocław 14.6 0.6 42.5 21.9 5.7 13.4 8.0 0.2 44.2 22.0 17.0 38.7 0.1 0.0 5.8 4.0 6.1 13.9
Łódź 14.6 0.6 40.9 21.0 3.7 10.7 8.8 0.3 43.5 24.7 12.9 38.4 0.4 0.0 6.1 4.6 6.4 17.3
Lublin 15.8 0.5 39.5 21.2 3.5 10.7 10.9 0.3 40.3 22.6 11.8 37.1 0.4 0.0 6.2 4.4 6.2 16.7
Włodawa 14.4 0.5 42.8 20.4 5.2 11.4 8.8 0.2 38.8 20.8 13.8 33.4 0.2 0.0 5.1 3.5 6.5 14.6
Śnieżka 1.0 0.1 2.0 1.4 0.0 0.1 8.3 0.3 36.1 22.8 6.5 35.0 2.6 0.1 9.2 6.5 3.9 26.7
Katowice 13.1 0.7 39.6 23.1 4.1 11.9 8.6 0.4 40.5 23.7 13.3 43.0 0.3 - 4.5 3.9 5.1 16.1
Kraków 16.4 0.9 38.7 24.8 3.4 10.7 9.8 0.3 39.3 24.6 11.5 38.7 0.1 - 4.7 4.0 5.1 15.3
Kielce 13.1 0.7 36.1 20.9 4.3 11.3 8.3 0.5 39.3 23.0 12.6 38.8 0.2 - 4.3 3.5 5.3 16.1
Rzeszów** 16.3 0.6 41.9 23.8 4.0 11.6 10.4 0.3 41.3 22.9 13.2 35.9 0.4 0.0 5.8 4.2 6.3 15.6
Bielsko Biała 14.8 0.8 35.5 23.1 3.0 12.1 11.6 0.4 42.5 22.6 12.6 50.2 0.3 0.1 5.3 3.1 4.6 16.2
Zakopane 4.9 0.4 17.1 14.8 1.4 5.1 9.3 0.4 42.5 28.9 10.5 50.5 0.1 - 3.5 2.4 3.0 15.0
Kasprowy Wierch 0.4 0.0 0.6 0.5 - 0.0 8.3 0.3 32.3 23.9 4.9 23.9 2.3 0.1 10.1 6.5 4.2 21.7
Lesko*** 1.1 12.2 27.7 27.3 11.9 1.4 1.1 8.9 35.1 33.6 50.9 7.3 0.0 0.2 4.0 4.2 17.8 2.5
Kraków Obs.**** 17.4 1.1 38.8 22.4 8.8 20.3 10.3 0.6 34.0 19.4 16.5 44.5 0.7 0.1 6.3 4.6 7.4 19.1

* – no data for years 2014-2017, ** – data from 1952, *** – data from 1955, **** – data from 1901-2018

1.0 40.0 days4.0 10.0 30.0
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Table 20.3 Mean annual number of days with ground-frost—cold (5--) and very cold (6--) weather
types in selected stations in Poland in the period 1951–2018

Station ground-frost, cold weather types ground-frost, very cold weather types
500 501 510 511 520 521 600 601 610 611 620 621

Łeba 4.0 0.2 13.4 8.1 5.3 13.2 2.6 0.0 7.4 4.2 3.8 7.1
Suwałki 4.8 0.1 11.7 6.1 6.1 13.6 2.5 0.1 7.5 3.5 5.8 11.1
Szczecin 4.8 0.1 13.4 6.7 6.0 10.1 3.1 0.1 6.9 3.8 4.0 4.5
Chojnice 3.6 0.1 12.0 6.1 6.7 14.4 2.2 0.1 7.7 4.1 5.2 9.0
Toruń 5.1 0.2 15.9 7.1 6.9 12.4 2.9 0.1 8.7 4.0 5.4 6.9
Olsztyn* 5.6 0.1 12.9 6.5 5.3 12.9 2.7 0.1 7.2 4.8 4.8 8.8
Białystok 5.8 0.1 14.6 6.7 6.3 14.6 3.0 0.1 7.6 3.9 5.5 10.1
Gorzów Wlk. 3.9 0.1 11.9 6.5 5.4 13.3 3.1 0.1 7.0 4.1 4.7 6.0
Poznań 5.0 0.1 14.9 6.7 5.6 11.7 3.4 0.1 8.1 3.8 4.2 6.2
Warszawa 4.7 0.1 13.9 6.5 5.7 11.5 2.6 0.1 8.1 4.1 4.8 7.6
Zielona Góra 3.0 0.2 10.0 6.1 4.3 13.2 2.6 0.1 6.9 4.0 3.6 8.0
Wrocław 6.7 0.2 19.4 8.7 6.6 12.0 3.7 0.0 9.5 3.8 4.2 6.4
Łódź 4.5 0.1 13.2 6.4 5.9 13.1 2.8 0.1 7.5 4.2 4.6 9.2
Lublin 5.4 0.1 12.6 6.1 4.8 13.4 2.6 0.1 7.1 4.1 4.2 10.3
Włodawa 5.4 0.1 15.1 6.7 6.6 14.0 2.4 0.1 8.2 3.7 5.4 9.2
Śnieżka 3.4 0.1 9.6 4.8 2.6 15.5 2.4 0.2 7.0 6.0 2.4 19.6
Katowice 5.5 0.2 16.1 7.1 5.4 14.4 3.6 0.1 8.1 3.9 3.8 10.1
Kraków 6.4 0.2 17.4 9.1 5.6 12.6 3.2 0.0 8.9 4.8 3.7 9.0
Kielce 6.2 0.2 16.7 8.3 5.7 15.3 3.3 0.1 8.9 4.7 5.0 10.8
Rzeszów** 6.8 0.1 16.4 7.0 5.2 11.3 3.1 0.0 8.7 3.5 4.4 8.8
Bielsko Biała 5.3 0.2 13.0 5.4 4.1 12.8 4.0 0.1 7.1 3.6 3.1 10.9
Zakopane 7.2 0.1 19.5 9.4 5.1 16.2 6.7 0.1 13.6 6.5 3.6 15.9
Kasprowy Wierch 4.3 0.1 11.2 5.4 3.1 14.5 3.7 0.1 9.8 5.6 2.9 18.6
Lesko*** 0.3 6.5 9.0 12.4 15.7 2.3 0.2 4.5 5.7 6.5 12.8 1.3
Kraków Obs.**** 4.0 0.2 9.5 4.5 5.8 12.1 2.2 0.1 6.1 3.0 4.6 7.5

* – no data for years 2014-2017, ** – data from 1952, *** – data from 1955, **** – data from 1901-2018

1.0 18.0 days4.0 10.0 15.0

Baltic Sea, and the dispersion of the frequency of individual types increases to the
southeast. Of course, mountain areas have a fundamentally different weather pattern.
This region is represented by stations on Śnieżka and Kasprowy Wierch.

Not all of 48 distinguished weather types occurred at each station in the analysed
years. At least one of the weather types, very frosty (0--), did not occur in 58%
of the stations. At 33% of the stations there were no moderately frosty, sunny with
precipitation (801)weather types, and 25%were cool, sunnywith precipitation (101).
Some types occur sporadically, once every few years, hence their average number
per year is 0.0 (Tables 20.2–20.4).

Seasonalweather variation can be defined using the presence of frost (Tmax> 0 °C
and Tmin ≤ 0 °C) and the thermal seasons (winter T < 0 °C, spring and autumn T =
0–5 °C, summer T > 15 °C) as defined by the Woś classification (2010). Table 20.5
shows the potential period of occurrence of individual thermal weather types at
selected stations. It presents that very warm weather types (3--) can occur in Poland
(except inmountain areas, where this period is definitely shorter) betweenMarch and
November, and warm (2--) throughout the year. Other types of weather appear at the
turn of the year. Compared to the years 1951–2018 in Kraków, the potential period of
individual weather types was only slightly different in the KrakówObservatory in the
years 1901–2018 (Table 20.5). The occurrence period of 3--, 8--, 9-- and 0-- types has
been extended. The reason for this was the increase in the frequency of occurrence
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Table 20.4 Mean annual number of days with moderately frosty (8--), fairly frosty (9--) and very
frosty (0--) weather types in selected stations in Poland in the period 1951–2018

Station
moderately frosty weather types fairly frosty weather types very frosty weather types

800 801 810 811 820 821 900 901 910 911 920 921 000 001 010 011 020 021
Łeba 0.5 0.0 2.6 1.8 3.5 5.7 2.2 0.0 3.6 1.8 1.2 2.4 0.1 - 0.0 0.1 - -
Suwałki 0.3 - 3.2 2.0 7.0 10.6 3.7 0.1 10.0 4.3 5.8 7.7 1.8 0.1 1.4 0.6 0.1 0.3
Szczecin 0.3 0.0 2.9 1.1 4.1 3.9 2.5 0.1 4.5 1.6 1.5 1.6 0.3 0.0 0.2 0.1 - 0.0
Chojnice 0.5 0.0 3.7 2.0 7.5 7.7 3.2 0.1 6.4 3.0 3.3 4.1 0.4 0.1 0.4 0.1 0.0 0.1
Toruń 0.4 0.0 2.6 1.5 5.0 5.3 3.0 0.0 6.9 2.5 2.8 3.7 0.8 0.0 0.4 0.2 0.0 0.1
Olsztyn* 0.4 0.0 3.1 2.4 6.0 7.5 3.6 0.2 7.7 4.0 3.5 4.9 1.1 0.0 0.6 0.3 0.0 0.1
Białystok 0.3 0.0 2.6 1.5 6.9 9.0 3.6 0.2 8.3 3.7 4.6 6.8 1.4 0.1 1.2 0.6 0.0 0.3
Gorzów Wlk. 0.5 0.0 2.9 1.4 4.7 5.4 2.5 0.1 4.9 1.8 2.1 2.5 0.2 0.0 0.2 0.1 - 0.1
Poznań 0.5 0.0 3.0 1.4 4.9 5.1 2.9 0.1 5.4 2.0 2.0 2.9 0.4 - 0.3 0.1 0.0 0.1
Warszawa 0.4 - 3.3 1.6 5.6 6.5 3.0 0.1 7.5 2.6 3.4 4.0 0.8 0.0 0.7 0.1 0.0 0.1
Zielona Góra 0.5 0.0 2.9 1.9 4.7 7.6 2.5 0.1 4.3 2.2 2.2 3.6 0.3 - 0.2 0.1 - 0.0
Wrocław 0.2 - 1.9 0.8 3.8 4.1 2.5 0.1 5.4 1.4 2.1 2.3 0.3 0.0 0.5 0.1 - 0.1
Łódź 0.5 - 3.1 1.7 4.9 7.1 3.3 0.1 6.4 2.5 2.8 4.9 0.5 0.1 0.5 0.3 - 0.1
Lublin 0.4 0.0 3.0 2.0 5.3 9.3 3.5 0.2 7.4 3.3 3.5 6.4 0.9 0.0 0.7 0.4 0.1 0.2
Włodawa 0.2 - 3.2 1.6 6.4 8.3 3.5 0.1 8.2 3.1 4.6 5.6 1.0 0.1 1.1 0.5 0.1 0.2
Śnieżka 2.1 0.1 6.1 5.4 3.0 30.2 4.1 0.4 8.9 13.3 2.1 49.4 0.3 0.0 0.5 1.3 0.0 1.8
Katowice 0.2 0.0 2.0 1.5 4.2 8.0 2.9 0.1 5.2 2.8 2.0 5.2 0.4 0.0 0.3 0.2 0.0 0.1
Kraków 0.3 0.0 2.2 1.2 4.5 6.7 2.8 0.1 6.3 3.2 2.4 4.9 0.6 0.1 0.5 0.3 0.0 0.2
Kielce 0.2 - 2.1 1.6 4.9 8.3 3.2 0.1 6.9 3.6 3.1 5.7 0.8 0.0 0.7 0.3 0.0 0.1
Rzeszów** 0.3 0.0 2.8 1.6 4.7 7.6 3.2 0.1 7.0 2.8 3.1 5.5 0.9 0.0 0.9 0.4 0.0 0.1
Bielsko Biała 0.5 - 2.5 1.0 3.1 9.1 3.4 0.1 4.9 2.4 2.0 6.4 0.5 - 0.3 0.2 - 0.2
Zakopane 0.1 - 1.4 1.8 2.1 12.0 4.3 0.3 8.9 5.2 2.1 11.6 0.7 0.0 0.5 0.3 0.0 0.3
Kasprowy Wierch 3.5 0.1 7.4 5.6 3.8 25.3 7.1 0.5 13.3 17.7 3.1 49.3 1.0 0.1 1.2 3.2 0.1 3.8
Lesko*** 0.0 0.3 2.6 1.5 14.6 1.1 0.3 2.6 5.6 3.6 9.6 0.5 0.1 0.4 0.5 0.2 0.3 0.0
Kraków Obs.**** 0.4 0.0 2.6 1.1 4.6 5.9 2.4 0.1 5.2 1.7 3.3 4.9 0.4 0.0 0.5 0.1 0.1 0.2

* – no data for years 2014-2017, ** – data from 1952, *** – data from 1955, **** – data from 1901-2018

1.0 40.0 days4.0 10.0 30.0

Table 20.5 Potential period of occurrence of thermal weather types in selected stations in Poland
in the period 1951–2018

Weather 
types Łeba Suwałki Poznań Warszawa Kraków Kraków Obs. 

(1901-2018)
3-- 03.04-23.10 07.04-12.10 21.03-30.10 26.03-31.10 26.03-17.11 21.03-21.11
2-- 01.01-31.12 01.01-31.12 01.01-31.12 01.01-31.12 01.01-31.12 01-01-31.12
1-- 03.10-22.05 21.09-24.05 01.10-19.05 26.09-22.05 26.09-30.05 25.09-30.05
5-- 24.09-09.06 15.09-11.06 19.09-29.05 27.09-25.05 19.09-01.06 19.09-01.06
6-- 26.10-16.04 10.10-27.04 18.10-18.04 13.10-19.04 17.10-18.04 17.10-19.04
8-- 01.11-31.03 23.10-18.04 31.10-10.04 31.10-08.04 31.10-07.04 20.10-07.04
9-- 15.11-21.03 24.10-30.03 16.11-24.03 31.10-27.03 09.11-28.03 30.10-28.03
0-- 31.12-06.02 21.11-08.03 17.12-22.02 14.12-28.02 17.12-05.03 04.12-05.03

in recent years (years) of days with temperatures above 15 °C, characteristic for the
summer period (summer), and a greater number of frosty days in the first half of
the twentieth century, especially in 1920–1945 (Fig. 20.1). Details on the long-term
variability and change in trends of individual types of weather are presented in the
next section.

The potential period of occurrence of weather subtypes, determined on the basis
of cloudiness and precipitation, covers the whole year, from January 1st to December
31st. Thus, the occurrence of weather subtypes during the year depends on the air
temperature (thermal weather types).
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Fig. 20.1 Frequency of thermal weather types in selected stations in the period 1951–2018 and in
Kraków in the period 1901–2018

Long-Term Variability of Days with Particular Weather
Types

Based on the frequency of the occurrence of eight thermal types and six weather
subtypes, it is possible to determine the long-term variability of weather conditions.
It also allows for analysis of extreme events, which, in the case of data from the
Kraków Observatory (1901–2018), could occur with the frequency of even only
“once in 100 years”.

Figures 20.1 and 20.2 show the frequency of thermal types andweather subtypes at
selected stations representing various Polish climate regions. The multi-year course
of the analysed days is quite similar at each station, although their frequency varies.
In Łeba, which represents the Baltic Sea coast, since the beginning of the twenty-
first century, the number of very warm days (3--) has increased significantly, while
ground-frost (5-- and 6--) has decreased (Table 20.6). Very frosty days (0--) on
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Fig. 20.2 Frequency of weather subtypes in selected stations in the period 1951–2018 and in
Kraków in the period 1901–2018

the coast occur sporadically. There were only 12 of them in Łeba throughout the
entire period. There were certainly more such days in Suwałki (on average 4.2 days
a year; 0.8%), although they did not appear in each winter in the analysed years
(Fig. 20.1). In Poznań, Warszawa and Kraków, i.e. cities that well represent the
central and southern parts of the country (except for mountain areas), in the multi-
annual course, the dominant incidence of days with very warm and warm weather
(3-- and 2--) can be seen. Also at these stations, there was a marked increase in the
frequency of days 3-- (Fig. 20.1, Table 20.6). The calculated linear trend of these
days for all considered stations ranged from 0.48 days/10 years at KasprowyWierch
and 0.99 day/10 years at Śnieżka, for 3–4 days/10 years at stations inmost parts of the
country, to 5.24 days/10 years in Zakopane. Only at two stations (Białystok, Lublin;
Table 20.6) were the changes not statistically significant at 0.05. It can therefore
be concluded that, with the exception of the central-eastern part of the country, the
increase in the incidence of very warm days will most often affect the incidence of
other thermal weather types. At most stations, the increase in the frequency of days
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Table 20.6 Trends of changes in thermal weather types and subtypes of weather (days/10 years)
in Poland in the period 1951–2018

Station
Thermal weather types Subtypes of weather

3-- 2-- 1-- 5-- 6-- 8-- 9-- 0-- -00 -01 -10 -11 -20 -21
Łeba 4.16 + + -2.30 -1.62 - - - -3.62 -0.26 2.62 - + +
Suwałki 2.12 + + + - -0.91 -2.43 - 2.64 0.13 -2.17 2.84 -2.28 -
Szczecin 3.67 + - -1.29 -1.30 -0.89 - - = - = 3.83 -1.83 -2.16
Chojnice 3.86 = + - -1.00 -1.16 -1.86 - -1.79 -0.18 1.84 2.41 -2.53 =
Toruń 3.72 + + -2.48 - -0.98 -1.67 - - -0.25 + 3.62 -2.85 -
Olsztyn* 2.01 - + -2.30 -1.15 - -1.70 - -2.08 -0.18 - - = =
Białystok + + + + - - -1.99 - - -0.32 + 1.58 -1.25 -
Gorzów Wlk. 4.20 + - -1.30 - - - - -1.33 - + - + +
Poznań 4.04 + = -2.48 - -0.92 - - - = + + - -
Warszawa 3.63 + + -1.53 -1.08 - -1.40 - -1.64 -0.19 1.97 = - +
Zielona Góra 3.87 = = - -1.02 - - - -1.45 - 2.21 = + -
Wrocław 4.67 + - -1.48 -1.37 - - -0.29 -2.54 - = - + 2.55
Łódź 3.20 + + -1.56 -1.00 = -1.56 - -1.47 - = = + +
Lublin + 2.17 = -2.13 - = - - -1.39 -0.17 - -1.67 1.64 1.99
Włodawa 1.77 2.02 2.33 -2.64 -1.16 - -1.39 - - -0.19 = + - +
Śnieżka 0.99 2.93 + - = - -2.47 - -2.12 - + -1.83 + 3.22
Katowice 4.01 = - - -1.16 - -1.33 - -2.64 -0.23 2.18 - + +
Kraków 3.68 = = - - - - - - - + = + =
Kielce 2.45 = + = - - -1.52 - -2.97 - + -1.73 2.08 2.23
Rzeszów** 4.15 + + = - - -1.09 - - = + = + 2.13
Bielsko Biała 4.50 = - - -1.00 - - - - - = 1.40 = -
Zakopane 5.24 - - - - - - - -2.53 -0.20 + + + +
Kasprowy Wierch 0.48 3.21 - = = - -2.11 -0.77 -2.60 -0.20 2.31 -2.75 1.80 +
Lesko*** 3.35 + + 0.68 = + = = = -1.65 + 2.34 4.89 -1.33
Kraków Obs.**** 2.30 + + -1.71 -0.39 -0.41 -0.71 - = - 1.78 + -1.11 -1.14
* – no data for the years 2014-2017, ** – data from 1952, *** – data from 1955, **** – data from 1901-2018; = no trend, +/- – positive / 

negative trends, but not statistically significant at 0.05, values (positive / negative) – trend statistically significant at the level 0.05

3-- was due to a decrease in frosty days (5-- and 6--), both or one of them, and/or
moderately frosty (8--) and fairly frosty (9--). It was such a tendency to change that
the thermal types of weather in theKrakówObservatorywere in the years 1901–2018
(Fig. 20.1, Table 20.6). The increase in the number of days 3--was 2.30 days/10 years,
while the decrease in frosty days−1.71 (5--) and−0.39 days/10 years (6--) and frosty
days −0.41 (8--) and −0.71 days/10 years (9--) (Table 20.6).

In the case of weather subtypes (Fig. 20.2, Table 20.6), the largest changes in the
analysed years occurred on days with no precipitation (--0). At 58% of the stations
there was a statistically significant decrease in sunny without precipitation (-00)
days, from 1.33/10 years in Gorzów Wielkopolski to −3.62/10 years in Łeba, most
often caused by an increase in cloudy and/or very cloudy without days precipita-
tion (-10 and -20). Only in Suwałki was an increase in the number of these days
found, amounting to 2.64 days/10 years, also at the cost of a decrease in cloudy
and very cloudy days without precipitation (-10 and -20), amounting to −2.17 and
2.28 days/10 years, respectively (Fig. 20.2, Table 20.6). Among the subtypes, days
with precipitation and sunny (-01) appear rarely. They were slightly more frequent
in 1901–1920 and 1981–2000 in Kraków (Fig. 20.2). In northern Poland, there was
a slight increase in the number of cloudy with precipitation days (-11; from−1.58 to
3.88 days/10 years; Table 20.6), while in southern Poland, a slight increase in very
cloudy days with precipitation (-21; to 3.22 days/10 years on Śnieżka). In 1901–2018
in Kraków (Fig. 20.2), statistically significant changes in weather subtypes occurred
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Table 20.7 Trends of changes (days/10 years) of the most frequently occurring weather types in
Poland in the period 1951–2018

Station 310 311 210 211 220 221 510 521 820 821 900 910

Łeba 2.27 1.30 0.94 - 0.68 1.17 - - = - -0.27 -

Suwałki = 1.94 - 0.94 -0.83 = = = - - - -0.83

Szczecin 1.18 2.28 + 1.34 - = - -0.59 -0.38 -0.44 - -0.51

Chojnice 2.32 1.76 + + -0.56 + + -0.81 -0.59 - -0.39 -0.62

Toruń 2.22 2.62 + 0.86 - + - -1.05 -0.48 - -0.27 -0.56

Olsztyn* + 1.19 - - + + - -1.02 = = -0.50 -0.56

Białystok + 1.25 + + - + 0.67 - + - -0.54 -

Gorzów Wlk. 2.57 + = - + + - - - - - -

Poznań 1.98 1.86 + = + + - -1.11 -0.38 - - -

Warszawa 2.79 1.20 + - + + = -0.58 - = -0.32 -

Zielona Góra 3.02 1.05 = + + = - - = - - -

Wrocław 2.84 1.11 - - 0.98 1.60 - + - - - -

Łódź 1.91 1.19 = - + 1.30 - -0.86 = + - -0.50

Lublin 1.09 + + - 0.67 1.75 -0.96 - + + - -

Włodawa 1.37 + + + + 1.40 - -1.38 - = -0.35 -

Śnieżka 0.43 0.35 1.88 + 0.39 1.39 -0.72 + - + -0.56 -

Katowice 3.09 0.89 = - = + + - + - -0.30 -

Kraków 2.47 0.82 - = + + = - = = - -0.45

Kielce 1.75 0.70 - -1.17 0.73 1.64 + = + - - -

Rzeszów** 2.35 0.69 - - + + - = - = - -0.52

Bielsko Biała 2.10 1.62 - = + = - - + = - -

Zakopane 2.55 1.78 = -1.06 + 1.33 - = = = - -

Kasprowy Wierch 0.30 0.18 1.72 + 0.53 1.60 + + 0.35 = - =

Lesko*** 1.51 1.59 0.32 -0.68 1.90 -0.44 = -0.37 0.69 -0.07 0.08 -0.18

Kraków Obs.**** 1.72 0.58 0.90 = = = -0.38 -0.66 -0.26 = -0.04 -0.24
* – no data for the years 2014-2017, ** – data from 1952, *** – data from 1955, **** – data from 1901-2018, ; = no trend, +/- – positive / 

negative trends, but not statistically significant at 0.05, values (positive / negative) – trend statistically significant at the level 0.05

only in case of cloudy (-10; rise) and very cloudy without precipitation (-20; fall), as
well as very cloudy with precipitation subtypes (-21; fall) (Table 20.6). The trends of
changes of the most common weather types at the analysed stations are presented in
Table 20.7. At most stations, a statistically significant increase occurred in the days
marked as 310 and 311 (Fig. 20.3). In some regions of Poland, the number of days
210, 211, 220 and 221 also increased, while 521, 820, and especially 900 and 910
decreased (Fig. 20.3).

Number of Weather Types in a Year

While analysing the long-term variability in the number of weather types in a year, it
is also possible to evaluate weather stability/instability. Fewer types of weather in a
year indicate that they occur for 365/366 days a year in longer sequences. Similarly,
the more there are in a year, the more they form short strings or occur individually.
Therefore, during the year, the weather variability increases day by day, i.e. the
weather is unstable in such a year.

The most important characteristics of the number of weather types at the studied
stations are presented in Table 20.8. In Poland, on average, there are 32–35 weather
types per year. The largest number of them occurs in the eastern, especially in the
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Fig. 20.3 Trends of changes (days/10 years) of selected weather types in Poland in the period
1951–2018
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Table 20.8 Characteristics of the number of weather types in a year in Poland in the period
1951–2018

Station Mean Max (year) Min (year) S.D. V(%) Trend
weather types/10 year

Łeba 32.3 37 (1953, 1969) 26 (2016) 2.7 8.3 -0.55
Suwałki 35.0 41 (1956) 30 (2015) 2.1 5.9 -
Szczecin 32.1 38 (1954) 27 (1977, 2008) 2.6 8.1 -0.40
Chojnice 33.8 39 (1963) 27 (2000) 2.3 6.7 -0.55
Toruń 34.0 41 (1963) 27 (1992) 2.4 7.1 -0.42
Olsztyn* 34.2 39 (1956) 29 (2008) 2.7 7.9 -0.42
Białystok 35.0 40 (1952) 30 (2017) 2.1 5.9 -0.32
Gorzów Wlk. 32.9 38 (1987) 26 (1974) 2.2 6.7 -0.31
Poznań 33.1 40 (1987) 28 (2015) 2.4 7.1 -0.31
Warszawa 33.8 39 (1956, 1987) 27 (2008) 2.3 6.7 -0.32
Zielona Góra 33.2 40 (1956) 26 (2015) 2.7 8.0 -0.33
Wrocław 32.3 39 (1956) 26 (2015) 2.4 7.4 -0.45
Łódź 34.4 40 (1956) 28 (2008) 2.2 6.5 -0.28
Lublin 34.8 41 (1956) 31 (2007, 2015) 2.3 6.5 -0.33
Włodawa 34.5 39 (1956, 1963) 28 (1990) 2.1 6.0 -0.29
Śnieżka 33.8 40 (1964) 29 (1997) 2.0 6.0 -
Katowice 33.7 39 (1963, 1987) 28 (2014) 2.2 6.5 -0.49
Kraków 33.8 40 (1969) 29 (1990) 2.1 6.4 -0.34
Kielce 34.2 39 (1982) 29 (1966) 2.0 5.8 -0.23
Rzeszów** 34.5 39 (1986) 29 (2014) 2.0 5.9 -0.26
Bielsko Biała 33.9 39 (1963, 1996) 28 (2008, 2014) 2.4 7.2 -
Zakopane 33.4 40 (1955) 29 (2007) 2.2 6.5 -
Kasprowy Wierch 34.4 40 (1954) 31 (1990,2008,2014) 2.0 5.8 -
Lesko*** 33.6 42 (1963) 27 (1967, 2000) 7.4 22.1 -
Kraków Obs.**** 34.0 39 (1907,1929,1969) 29 (1975, 1990) 2.4 7.0 -0.15

* – no data for the years 2014-2017, ** – data from 1952, *** – data from 1955, **** – data from 1901-2018, S.D. – standard deviation, V –
coefficient of variability, - – negative trends, but not statistically significant at 0.05, values – trend statistically significant at the level 0.05

north-eastern part of the country (Suwałki), while the smallest in the west, and
especially in the north-west (Szczecin). The spatial distribution of the number of
weather types in a year therefore refers to the coefficient of thermal continentalism
(Wypych 2010; Witek et al. 2015).

Over the years, the most variable weather was in the years 1950 and 1960, while
the most stable was at the beginning of the twentieth century (1901–1920) and since
1990, especially in the twenty-first century (2001–2018) (Fig. 20.4). Trends in the
change in the number of weather types are negative at all stations, mostly statistically
significant at 0.05 (Table 20.8) and indicate increasing stability, i.e. less day-to-day
weather variability. Therefore, some types of weather occur in longer periods.
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Fig. 20.4 Long-term variability of number of weather types in a year (1951–2018) and in Kraków
(1901–2018)

Conclusions

The most common types of weather in Poland are: warm, cloudy without precip-
itation (210), warm, very cloudy with precipitation (221) and very warm, cloudy
without precipitation (310). Their number, depending on the station, usually fluc-
tuates between 30 and 50 days a year. At mountain stations (Kasprowy Wierch,
Śnieżka) the dominant type of weather is fairly frosty, very cloudy with precipitation
(921), on average about 50 days a year. In general, the fewest types of weather in the
year occur in western Poland and the north-west, while the most in eastern, espe-
cially in north-eastern, Poland. This distribution of weather type variability refers
to the continental indicator, which is a measure of the continent/ocean impact on
climate elements (Kożuchowski 2011) and the spatial diversity of the average annual
air temperature amplitude in Poland (Woś 2010).
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Weather types are most differentiated by air temperature. There was a clear
increase in days with very warm weather (3--), especially those marked with the
symbol 310 and 311, even at high mountain stations, while the decline concerned
ground-frost (5-- and 6--; especially 510 and 521) and fairly frosty (9--; especially
900 and 910) weather types.

These results are therefore consistent with the research of Michalska (2011) and
Wójcik and Miętus (2014). The author stated that a particularly large increase in air
temperature occurred in Poland in the twenty-first century in 2001–2008 (Michalska
2011). Wójcik and Miętus (2014), based on research from 1951 to 2010, indicate
not only a statistically significant increase in the annual average temperature in the
entire country of slightly over 0.2 °C/10 years, but also springs (0.36 °C/10 years),
summers (up to 0.2 °C/10 years) and autumns, while deceleration or even a slight
decrease in temperature in winter. According to these authors, the fastest temperature
increase occurs in the northern part of the country (the Baltic Sea coast and the Lake
District) and in the Carpathians, while the slowest in the highlands and in the Sudety
(Wójcik and Miętus 2014). Also, the decrease in the number of days with frost was
analysed in detail, by Graczyk and Kundzewicz (2016), Wypych et al. (2017) and
Bielec-Bąkowska et al. (2018).

In the case of weather subtypes (distinguished on the basis of cloudiness and
precipitation), the largest changes over the years occurred on days with no precip-
itation (--0), a decrease in sunny days without precipitation (-00) and an increase
in cloudy and/or very cloudy without precipitation (-10 and -20). In the weather
subtypes of precipitation (--1), there was a slight increase in the number of cloudy
with precipitation (-11) days in northern Poland, whereas a slight increase in very
cloudy with precipitation (-21) days in southern Poland.

In the case of long-term variability of rainfall sums in Poland (in the year, half-year
and seasons), Czarnecka andNidzgorska-Lencewicz (2012) did not find a statistically
significant trend. According to the authors, however, there was a small tendency
of rainfall to increase in the spring and autumn seasons, and a decreasing share of
summer rainfall in the annual total was noted inmost parts of the country (Czarnecka,
Nidzgorska-Lencewicz 2012).Marosz et al. (2011) found an increase in rainfall sums
in the northern part of the country (in Pomerania and the coast) but a decrease in the
central and southern parts of Poland. Statistically significant changes in the amount
of cloudiness in 1951–2000 and 1971–2000 did not cover the whole country and
even their direction of change was different (Żmudzka 2003; Filipiak and Miętus
2009). Nevertheless, in Kraków and Łódź, the total cloudiness fell in the second half
of the twentieth century (Matuszko 2007; Wibig 2008), which may correspond with
the increase in the number of days with the cloudy without precipitation subtype
(-10).

On thewhole, not all of the 48 identifiedweather types occur every year and at each
station. In the years 1951–2018, their number ranged from 26 to 42, and on average
it was 32–35 types. Slightly more of them were in the 1950s and 1960s, while fewer
after 2001. There is a tendency for the number of weather types in a year to decrease
(a statistically significant trend in 75% of the surveyed stations) in Poland. This
indicates that the weather varies less in the year, i.e. more stable. Thus, particular
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types of weather have been grouping since 1951 (and in Kraków since 1901) in
slightly longer sequences of days. Francis et al. (2018) also point to an increased
persistence of North American Weather Regimes. The authors hypothesis that the
reason for this is rapid Arctic warming. They suggest that further warming may
favour persistent weather patterns that can lead to weather extremes and increased
frequency of long-duration events (LDEs).

In short, this may be associated with longer heat waves in the summer and warmer
periods in the cool half of the year, i.e. refer to a higher frequency of days with the
thermal type of very warm, warm and cool weather (3--, 2-- and 1--).
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Kożuchowski K (1996) Typy pogody w Szczecinie. In: Kożuchowski K (ed) Współczesne zmiany
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WięcławM(2004)Masypowietrza nadPolską i ichwpływna typypogody.WydawnictwoAkademii
Bydgoskiej, Bydgoszcz

WitekM, Bednorz E, Forycka-Ławniczek H (2015) Kontynentalizm termiczny w Europie. Badania
Fizjograficzne nad PolskąZachodnią 6, SeriaA:171–182. https://doi.org/10.14746/bfg.2015.6.13
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Part IV
Future Climate Change

Małgorzata Szwed

Climate is dynamic. Thus, climate change is nothing new. Climate has changed
in the past, it is changing now, and it will continue changing in the future. What
distinguishes the present climate change from previous ones is, apart from natural
factors, greater human impact on climate.

The globally averaged combined land and ocean surface temperature data, as
calculated by a linear trend, show a warming of 0.85 (0.65–1.06) °C, over the period
from 1880 to 2012, for which multiple independently produced datasets exist (cf.
IPCC, 2013). Each of the 19 years of the 21st century, 2001–2019, belongs to a
set of the 20 warmest years on record globally. The noticeable warming has been
widespread across the globe, including Poland. An increase of 0.8 °C was calculated
for the area of Poland in the second half of the 20th century (Fortuniak et al., 2001;
Kożuchowski and Żmudzka, 2001). Furthermore, even stronger warming has been
projected for the future. However, the pace of the further warming depends on such
uncertain factors as the population increase and socio-economic development, the
development of technology, and changes in energy strategy and the land use, i.e.
sectors primarily responsible for emission and sequestration of carbon dioxide. A
global policy of climate change mitigation and its effectiveness are also imperative.

Global climate change does not only concern noticeable growth of mean temper-
ature. Apart from average values, extreme values—minima and maxima—have also
undergone considerable changes. Changes of temperature translate, among others,
into changes of characteristics and occurrence of thermal seasons or the length of the
growing season. However, observed climate change extends far beyond changes
of temperature. Changes concerning intense winds, heavy precipitation events,
and periods without precipitation, changes of snow cover, etc., have already been
observed. Observation and climate model simulations indicate acceleration of the
water cycle. Therefore, global warmingwill also result also in changes in all elements
of thewater balance.What ismore, climate change is followed by substantial changes
of many other physical, as well as biological and socio-economic characteristics.



512 Part IV: Future Climate Change

Some impacts are projected to be advantageous, and others—disadvantageous or
neutral.

Projection of the future climate presents a number of difficulties. Climatic models
are not perfect, and thus they are subject to considerable uncertainty. However, they
were built based on the laws of physics, and experience shows that these simulations
basically reflect climate change in the past. Older projections made with the help of
climate models in the beginning of the 21st century and earlier, as well as simulations
of the impact of different factors on the climate, have been confirmed by observations.
Climate forecastingmodels are constantly being improved.However, the complicated
and non-linear nature of climate means that climate models will always require
refinement and improvement.

Part IV will present considerations on future climate changes in Poland based on
the latest generation of climate model simulations, i.e. the European domain of the
Coordinated Downscaling Experiment Initiative (EURO-CORDEX), and they will
only apply to basic climate parameters—temperature and precipitation, as well as
their derivatives regarding some economic indexes.

This is not a place for discussion of whether, or rather to what extent, anthro-
pogenic climate change will be slowed down, therefore the results of model
simulations for two climate change scenarios, mild and more severe, will be
considered.

Climate change in terms of future temperature and precipitation changes has been
described using many indexes. Their selection, however subjective, was inspired
by “indexes of extreme” recommended within the European Climate Assessment
& Dataset project (ECA&D), with some of the ECA indexes being faithfully
implemented, and the formula (e.g. threshold values) modified for a few.
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Chapter 21
Projections of Temperature Changes
in Poland

Małgorzata Szwed

Abstract The present paper examines projected future changes in the mean and
extreme thermal conditions for Poland. The study uses a set of eight regional climate
models fromEURO-CORDEXexperiment for two representative concentrationpath-
ways (RCP4.5 and RCP8.5) and two future time horizons (2021–2050 and 2071–
2100), with reference to the period of 1971–2000. In this study, the mean value of
temperature and its absolute extreme (maximum and minimum) values, as well as
indexes related to specific thermal conditions, were considered. According to this
study, all models have shown an agreement on a systematic upward trend in the mean
temperature, both for the near and far future and for both RCPs. It is projected that
in the future the extreme hot conditions not only will be hotter, but they will also last
longer and/or appear more frequently. In contrast, frosty periods and their frequency
will decrease. As a rule, the thermal changes in the future are more pronounced for
the far future (2071–2100) than for the near future (2021–2050) and more for the
RCP8.5 scenario than for RCP4.5.

Introduction

There are many papers in the scientific literature concerning the projection of climate
change in Poland. Polish scientists quickly joined the new trend of climate studies—
research on climate change. The first research studies presenting temperature projec-
tions for Poland date back to 1990s, e.g. Liszewska and Osuch (1999). Along with
the development of subsequent modifications of models or appearance of the new
generation of climate models, more studies came into existence. In these studies,
changes in various thermal indexes were considered. The average and extreme values
for different time intervals were analysed from daily values, through monthly and
seasonal, to annual or average values for the entire future period. It is enough to quote:
Szwed et al. (2007) based onfirst simulations ofHadCM3-PRECISE regional climate
model developed by the Hadley Centre, Szwed et al. (2010), Szwed and Graczyk
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(2006) using results of RCM projections originating from the ENSEMBLES project,
or finally, numerous research studies analysing climate projections stemming from
the latest generation of EURO-CORDEXmodels, such as: Romanowicz et al. (2016),
Mezghani et al. (2017), Piniewski et al. (2017), and Brzóska and Jaczewski (2017),
etc.

Data and Methodology

Future temperature changes in Poland were considered based on the newest gener-
ation of climate model simulations, i.e. the European domain of the Coordinated
Downscaling Experiment Initiative (EURO-CORDEX), the European branch of the
global CORDEX framework (Jacobs et al. 2014).

The climate projection framework within CORDEX is based on the set of new
global model simulations related to the IPCC Fifth Assessment Report. This genera-
tion of scenario simulations is based on so-called representative concentration path-
ways (RCPs), i.e. prescribed greenhouse gas concentration pathways throughout the
twenty-first century, corresponding to different radiative forcing stabilisation levels
by the year 2100. This approach differs from the earlier scenario runs employed in
the fourth IPCC assessment cycle, which were based on the SRES GHG emission
scenarios (IPCC 2000).

A set of eight regional climate model simulations (Table 21.1) from the EURO-
CORDEX experiment was selected. These projections can be seen as an update of
old scenarios. To produce reliable high-resolution climate projections of precipita-
tion and temperature for Poland, the output of the projections was bias-adjusted and
downscaled to 5 km.More detailed information on these bias-adjusted climate projec-
tions is given in Mezghani et al. (2017). The data is available in the public domain
at http://dx.doi.org/10.4121/uuid:e940ec1a-71a0-449e-bbe3-29217f2ba31d.

In order to produce unbiased projections across Poland, two experiments corre-
sponding to the two targeted radiative forcing values of+4.5Wm−2 and+8.5Wm−2

in 2100 (respectively: RCP4.5 and RCP8.5), relative to pre-industrial values were

Table 21.1 List of available
GCM-run-RCM
combinations composing the
multi-model ensemble, based
on EURO-CORDEX, used in
the determination of
projections

GCM RCM

CNRM-CERFACS-CNRM-CM5 CLMcom-CCLM4-8-17

ICHEC-EC-EARTH CLMcom-CCLM4-8-17

ICHEC-EC-EARTH SMHI-RCA4

ICHEC-EC-EARTH KNMI-RACMO22E

ICHEC-EC-EARTH DMI-HIRHAM5

IPSL-IPSL-CM5A-MR SMHI-RCA4

MPI-M-MPI-ESM-LR CLMcom-CCLM4-8-17

MPI-M-MPI-ESM-LR SMHI-RCA4

http://dx.doi.org/10.4121/uuid:e940ec1a-71a0-449e-bbe3-29217f2ba31d
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carried out. The RCP4.5 is an intermediate pathway in which radiative forcing is
stabilised after 2100 and global warming is estimated to be around 2.5 °C towards
the end of the century. The RCP8.5 is the highest emission scenario, also referred to
as “business as usual”, and implies a global warming of more than 4° in 2100 (Clarke
et al. 2007).

Future temperature changes were described using many indexes. Their selec-
tion, however subjective, was inspired by “indexes of extreme” recommended within
the European Climate Assessment & Dataset project (ECA&D). Most of the ECA
indexes were implemented, while for a few the formula was modified (e.g. by
adaptation of threshold values). More details can be found on https://www.ecad.eu/.

Except for average annual value of temperature, the absolute extreme (maximum
and minimum) values as well as indexes related to specific thermal condition were
considered. As for the thermal conditions, such indexes as the largest number of
consecutive days with maximum temperature above 30 °C, mean number of days
with minimum temperature above 20 °C, mean number of days with both maximum
temperature above 30 °C and minimum temperature above 20 °C, mean number of
dayswithminimum temperature below0 °C andmean number of dayswithminimum
temperature below −15 °C were studied.

Projected indexes/characteristics of temperature were simulated for two future
time horizons, i.e. for the near (2021–2050) and far future (2071–2100) as well as
for one historical (reference) period of 1971–2000.

This chapter discusses only the projected changes in thermal conditions in the
future, understood as differences in the value of indexes in the future in relation to
the values from the reference period. Thus, only such differences are described in
the next subsection 3, without reference to future index values.

Data were processed with the usage of the Climate Data Operators (CDO)
(Schulzweida 2019). The ArcMap GIS platform was used to describe spatial
variability of analysed thermal characteristics.

Results

Changes in Mean Annual Temperature

The mean annual temperature is projected to increase in the future for the whole
territory of Poland. The higher increases are projected for north-eastern and eastern
areas (Fig. 21.1). In the near future (NF), the increases are projected to be in the
range of 1–1.5 °C, for RCP4.5 and RCP8.5, respectively, with the highest values in
the north-east. As for the far future (FF) and RCP4.5, the mean annual temperature
will likely grow by about 2 °C for most of the area of Poland. The highest increases
of temperature, as expected, are projected for FF and RCP8.5. The projected changes
in temperature vary from 3 °C in the West to almost 4° in north-east and in the high

https://www.ecad.eu/
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Fig. 21.1 Changes in the mean annual temperature in °C. Difference (increase) in the future
compared to the reference period 1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for
period 2071–2100; lower row RCP8.5; c for period 2021–2050; d for period 2071–2100

mountains. The isoline of the 3.5° increase in temperature runs almost along the
Vistula River valley.

Changes in Extreme Temperature

Changes in the Absolute Maximum Temperature

Projected increases in absolute maximum temperature reach much higher values.
In the period of 2021–2050, changes in the absolute maximum temperature will be
probably on average higher by 2–3°, while on the coast could reach 4–5 °C more
as compared to the reference period of 1971–2000 (Fig. 21.2). The lowest changes
are projected for Lublin Highland. For FF and RPC4.5, simulations show similar
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Fig. 21.2 Changes of the absolute maximum temperature in °C. Difference (increase) in the future
compared to the reference period 1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for
period 2071–2100; lower row RCP8.5; c for period 2021–2050; d for period 2071–2100

increases as for NF (up to 4–5° in the northern part, with 2–3° for most of the area).
The warming rate is accelerating under the RCP8.5 emission scenario and for the far
future horizon. In this case the increases are significantly higher: from 3–4° in the
East to more than 7° on the coast.

Changes in the Absolute Minimum Temperature

When it comes to the changes in the absolute minimum temperature, the simulations
for NF are almost identical for both analysed RCPs. They vary by about 1 to 3–4°
in Western Pomerania (Fig. 21.3) with the value of 2–3 for most of the area. For the
FF, there are projected greater differences between both RCPs. For the RCP4.5, the
simulations predict increases in the absolute minimum temperature mostly by 4–6°,
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Fig. 21.3 Changes in the absolute minimum temperature in °C. Difference (increase) in the future
compared to the reference period 1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for
period 2071–2100; lower row RCP8.5; c for period 2021–2050; d for period 2071–2100

while for the RCP8.5 they start from 5–6° in the mountains and 6–7 in the South and
reach more than 10° in the north-eastern parts of Poland.

Changes in Number of Days with Specific Thermal Conditions

Changes in the Largest Number of Consecutive Days with Maximum
Temperature Above 30 °C

It is projected that in the future the extreme thermal conditions not only will be
stronger but also they will last longer and appear more often. The number of consec-
utive days with maximum temperature above 30 °C points at really extreme weather
conditions. In the near future, the longest such period may be extended by another
few days (3–4 on average), regardless of the adopted RCP. The longest extension is
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Fig. 21.4 Changes in the largest number of consecutive days with maximum temperature above
30 °C. Difference (increase) in the future compared to the reference period 1971–2000. Upper
row: RCP4.5; a for period 2021–2050; b for period 2071–2100; lower row RCP8.5; c for period
2021–2050; d for period 2071–2100

projected in the Narew River catchment (Fig. 21.4). Based on model simulations, a
prolonged period of extremely high temperatures will significantly increase in FF.
While for RCP4.5 the extensionwill be almost 2weeks only in the larger river valleys
in southern andwestern parts, inRCP8.5 itwill cover almost the entire country, except
the coast. However, at the northern outskirts of Poland, the extension of such a period
will be almost a week.

Changes in the Mean Number of Days with Minimum Temperature
Above 20 °C

In addition to extending the period with very high temperatures during the day and
an increase in the number of such days during the year, the number of hot nights
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will also rise. For the near future and both RCPs, almost no increase in the mean
number of days with minimum temperature above 20 °C for the whole territory of
Poland (Fig. 21.5) is projected. For the far future and RCP4.5, the increase in the
number of such days is still small. For most of the area, it is 1–2 days (mainly in the
central part of Poland), but for lake districts, the South, highlands and mountains, no
changes are expected. However, for FF andRCP8.5, according to climate projections,
a significant increase in the number of warm nights with a minimum temperature
above 20 °C is expected. While no changes are projected in the mountains, for the
rest of the country, the number of such days could increase by no less than 5 days,
and in the valleys of large rivers, there may be even 10 more such days per year.

Fig. 21.5 Changes in themean number of dayswithminimum temperature above 20 °C. Difference
(increase) in the future compared to the reference period 1971–2000. Upper row: RCP4.5; a for
period 2021–2050; b for period 2071–2100; lower row RCP8.5; c for period 2021–2050; d for
period 2071–2100
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Changes in the Mean Number of Days with Both Maximum
Temperature Above 30 °C and Minimum Temperature Above 20 °C

Another index from the group of extreme/specific thermal conditions is the mean
number of days with both maximum temperature above 30 °C and minimum temper-
ature above 20 °C in a year. Projection for NF and both RCPs point to minor changes
in the number of such days for the whole country. Increases will become higher at
the end of the twenty-first century; however, for RCP4.5 they will mostly be at the
level of 1–2 days in a year (Fig. 21.6). For FF and RCP8.5, the simulations project
significant changes. Thus, along the river valleys, the largest increases are projected,
i.e. up to 10 days more. In the lowlands and highlands, there will likely be 5–8 more

Fig. 21.6 Changes in the mean number of days with both maximum temperature above 30 °C and
minimum temperature above 20 °C. Difference (increase) in the future compared to the reference
period 1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for period 2071–2100; lower
row RCP8.5; c for period 2021–2050; d for period 2071–2100
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such days, while in lake districts about 2–4 days on average. The mountainous areas
will remain almost unchanged.

Changes in the Mean Number of Days with Minimum Temperature
Below 0 °C and Below −15 °C

Finally, two indexes regarding the appearance of negative temperatures in the future
were analysed. Intuitively, it seems that in a warmer climate, on average, there should
be fewer incidences of frosts and icy days. However, this does not mean that in the
future a cold winter cannot take place. As to the number of days with a minimum
temperature below0 °C,model-based projections indicate large decreases (Fig. 21.7).

Fig. 21.7 Changes in the mean number of days with minimum temperature below 0 °C. Difference
(decrease) in the future compared to the reference period 1971–2000. Upper row: RCP4.5; a for
period 2021–2050; b for period 2071–2100; lower row RCP8.5; c for period 2021–2050; d for
period 2071–2100
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For the NF and RCP4.5, the territory of Poland is divided into two parts, where in
the South the number is expected to decrease by 10–20 such days and in the North
by 20–30 days. For the RCP8.5, the expected decreases will likely be on the level of
20–30 days for most areas in Poland. For FF, at the end of twenty-first century, under
RCP4.5, the decreases reached 30–40 days. Some areas in the South are projected
to have smaller decreases (by 20–30 days) and some areas in the North with even
greater decreases (40–50 days). Projections for FF and RCP8.5 differ significantly
from the others. The number of days with temperatures below 0 °C in the areas from
the Northwest via Polish lowlands and highlands to the Southeast, will probably
decrease by 50–60 a year. In the Lake District, even bigger decreases are expected,
up to 60–70 days. In the mountainous areas, they reach the value of 80–90 days.

Projections for the future also indicate decreases in the number of days with a
minimum temperature below −15 °C for the whole territory of Poland. For both
future horizons and both RCPs, there are similar spatial patterns of changes—the
gradient of values grows fromWest to the East (Fig. 21.8). For theNF and both RCPs,
projections are almost identical, i.e. there are expected decreases in the number of
such days by 1–2 in the West and 4–5 in the East. For the FF and RCP4.5, decreases
vary from 1–2 to 6–7 days, while for RCP8.5 to even more than 9 days.

Discussion and Conclusion

This study makes note of projected future changes in the mean and extreme thermal
conditions and indices for Poland. The multi-model ensemble mean of eight regional
model simulations from the EURO-CORDEX experiment for two representative
concentration pathways: RCP4.5 and RCP8.5 and two time horizons, near future
(2021–2050) and far future (2071–2100)was used.According to this study, allmodels
have shown an agreement on a systematic upward trend in mean temperature in
Poland, for both the near and the far future and for both RCPs.

The mean annual temperature is projected to increase in the future for the whole
territory of Poland. In general, higher increases are projected for north-eastern and
eastern areas. The increases are projected to range from 1 °C for NF and RCP4.5 to
almost 4° for FF and RCP8.5. As global warming progresses, the model simulations
have begun to predict an increase in themean temperature. Results of the set of global
climate simulations from DDC (scenario GS, i.e. Greenhouse Gas plus Sulphate
Integration) for Central Europe and Poland analysed by Liszewska and Osuch (1999)
indicated an increase in the mean temperature, the highest in winter. Parry (2000)
reported future increases in the mean seasonal (summer and winter) temperature for
Poland based on results obtained within the ACACIA project for four IPCC SRES
scenarios: B1, B2, A1 and A2, and for time horizon of the 2080s, as compared to the
control period 1961–1990.

Results of multi-model climate projections originating from the ENSEMBLES
project (Van der Linden andMitchell 2009) underA1B scenario, showed a significant
upward trend in temperature across Europe. For the territory of Poland as a whole,
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Fig. 21.8 Changes in the mean number of days with minimum temperature below−15 °C. Differ-
ence (decrease) in the future to the reference period 1971–2000. Upper row: RCP4.5; a for period
2021–2050; b for period 2071–2100; lower row RCP8.5; c for period 2021–2050; d for period
2071–2100

themodel-based climate projections indicate an increase inmean annual temperature
by 3–3.5 °C by the end of twenty-first century, relative to 1961–1990, depending on
the emission scenario and the climate model.

Jacobs et al. (2014) projected future changes in temperature for Europe, based on
new high-resolution climate projections generated in EURO-CORDEX project. For
the far future (2071–2100) they project robust and statistically significant warming in
Poland, in the range of 2–2.5 °C for RCP4.5 and of 3.5–4 °C for RCP8.5. Using nine
GCM-RCM combinations from EURO-CORDEX,Mezghani et al. (2017) estimated
that the annual mean temperature across Poland is expected to increase by about 1 °C
by NF and 2 °C by FF following the RCP4.5, with very low spatial variability but a
clear north-east to southwest gradient: Even higher increases were projected for the
RCP8.5 emission scenario. Romanowicz et al. (2016), who also based their study
on climate simulation originating from EURO-CORDEX project, delivered similar
results for selected catchments in Poland. It can be found, in this study, that changes
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in mean annual air temperature indicate an increase of about 1 °C for the near future
(2021–2050) and 2 °C for the far future (2071–2100) periods in comparison to the
reference period of 1971–2000.

Furthermore, projected increases in absolutemaximumandminimum temperature
reach much higher values than the mean values. Studies by Kjellström et al. (2011)
and Fischer and Schär (2009) also emphasised that the simulated changes in both
cold and warm temperature extremes are larger than the corresponding changes in
the mean. In the present study we found that, in the period of 2021–2050, changes
in the absolute maximum temperature could, on average, be higher by 2–3 ° across
Poland, up to 4–5 °C on the coast (RCP4.5). For the far future horizon of 2071–
2100, the increases are significantly higher. For RCP8.5, they range from 3–4 ° in
the East to more than 7 ° on the coast. The projections of the changes in the absolute
minimum temperature mostly indicate increases by 2–3 °C, for NF and both RCPs.
For the FF, there are projected greater differences between RCPs. For RCP8.5, the
projected increases may reach more than 10 ° in the north-eastern parts of Poland in
comparison to the reference period.

It is interesting to see the results of this research in the context of other studies
related to projections of maximum and minimum temperature in Poland. According
to the projection for the future with the simulation model HadRM3-PRECIS and
SRES A1B scenario, Szwed et al. (2007) stated that the absolute maximum daily
temperature is projected to increase in the future (2071–2100) by 2–6 °C in the
north-east. In absolute terms, the highest increases of the modelled maximum are
projected on the Baltic coast, Mazurian Lake District and the Suwałki District,
whereas the smallest in the Wielkopolska Region. Nikulin et al. (2011) analysed
maximum andminimum temperatures across Europe based on an ensemble of RCA3
climate model simulation under the SRES A1B emission scenario. By the end of the
twenty-first century, the simulated high-temperature extremes will intensify all over
Europe with an increase in maximum temperature above 20 °C by about 2–4 °C
over Northern Europe, including Poland. Next, minimum temperatures above 20 °C
are projected to increase by 4–8 °C by the end of the twenty-first century across
Central Europe, including Poland. Based on EURO-CORDEX model simulations,
Mezghani et al. (2017) analysed the absolute changes in annual means of minimum
and maximum temperature. Under the RCP4.5 scenario, they projected a change in
minimum temperature varying between 0.8 °C and 1.6 °C. Changes in maximum
temperature are expected to have a similar magnitude and they are less pronounced
than those for minimum temperature. Piniewski et al. (2017), also employing EURO-
CORDEXmodel simulations, found a robust increase in the annualmeanofminimum
and maximum temperatures over the Vistula and Odra River basins (area similar to
the territory of Poland) for each combination of future horizons and RCPs.

In the future, it is projected that the extreme hot conditions will not only be hotter
but will also last longer and appear more often. The number of consecutive days with
maximum temperature above 30 °C indicates very extreme weather conditions. In
the near future, the longest such period may be extended by another few days (3–4,
on average), regardless of the adopted RCP. Even longer extensions are projected for
the end of twenty-first century—almost 2 weeks in the big river valleys in southern
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and western parts of Poland under RCP4.5 and in nearly the entire country, except
coasts, under RCP8.5.

For the near future and both RCPs, no increase in the mean number of days with
minimum temperature above 20 °C is expected for the whole territory of Poland.
In fact, the increases are projected only for FF and RCP8.5. The number of such
days could mostly increase by no less than 5 days across Poland, but along the
valleys of large rivers, it is projected to increase by 10 days per year. In that case,
projections for NF and both RCPs show minor changes in the number of days with
both maximum temperature above 30 °C and minimum temperature above 20 °C
for the whole country. Increases will become higher at the end of the twenty-first
century. For FF and RCP8.5, the largest increases by up to 10 days are projected.
In the lowlands and highlands, it is probable that the increases will mostly be in the
range of 5–8 days, and in lake districts of 2–4 days, on average.

Based on the HadRM3-PRECIS regional model simulation with SRES A1B
scenario, in the future horizon, both the number of days with maximum temperature
equal to or greater than 35 °C and the number of nights with minimum temperature
equal to or greater than 20 °C are projected to increase by 5–30 days, with the highest
increases in the Southeast. These thermal indices will not change along the Baltic
coast. In addition, the number of hot nights will see an even greater increase. The
maximum increases in relation to the reference period 1961–1990 are predicted for
the SandomierzValley andSoutheastern Poland. In this area, the number of extremely
hot days followed by extremely hot nights can likely increase in the future by over
10 days in the average year (Szwed and Graczyk 2006; Szwed et al. 2007). This
coincides also with the results of projections from the RegCM (REGional Climate
Model) under SRES B1, A1B and A2 scenarios for number of summer days (with
maximum temperature above 25 °C) presented by Jaczewski et al. (2014).

Based on climate projection, it can be expected that, in the future, frost will
gradually retreat from the area of Poland. As to the number of days with a minimum
temperature below 0 °C,model simulations used in this paper project large decreases.
For the NF and RCP4.5, it is expected to decrease by about 20 such days, on average
and for FF and RCP8.5—by 40–50 days across Poland, except for the Lake District
(up to 60–70 days) and in the mountainous areas (80–90 days). Projections for the
future also point towards decreases in the number of days withminimum temperature
below−15 °C for the whole territory of Poland. For the future horizon of 2071–2100
and RCP4.5, decreases will vary from 1 to 6–7 days, while for RCP8.5 to even more
than 9 days.

With the results of simulation from the HadRM3-PRECIS regional model and
SRES A1B emission scenario, Szwed et al. (2007) affirmed that absolute minimum
daily temperature is projected to be higher by 6 (for the central part of Poland
and the Baltic coast) to even 12 °C (in the East), with relation to the present. It
was also predicted that, in an average future year, frosty days with a minimum
temperature below −15 °C will appear sporadically in 2071–2100. Jaczewski et al.
(2014) compared changes of selected thermal indices for the time period 2011–
2030 relative to 1971–1990, based on bias-corrected projections from the RegCM
(REGional Climate Model) under SRES B1, A1B and A2 scenarios and reported a
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decrease in the number of frosty and icy days. Brzóska and Jaczewski (2017) used the
results of three RCM simulations from the EURO-CORDEX branch for RCP4.5 and
RCP8.5 scenarios. Their results show an increase in the global temperature, resulting
in a decrease in the number of frosty and icy days in Poland.

To conclude, the climate will continue to change in the future. All climate models
have shown an agreement on a systematic upward trend in the mean temperature in
Poland. In the future, the extreme hot thermal conditionswill become even hotter, last
longer and appear more frequently, while the amplitude of frosty periods and their
frequency will decrease. Nonetheless, climate change extends far beyond changes in
temperature.
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Zmiany i zmienność klimatu Polski (Change and variability of Polish climate) Polish Conference,
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Chapter 22
Projections of Precipitation Changes
in Poland

Iwona Pińskwar and Adam Choryński

Abstract In a warmer climate, the consequences of future precipitation changes
could be much more severe than nowadays. Therefore, assessment of these future
changes is an issue worthy of consideration, facilitating proper adaptation to water-
related problems. In this study, ensembles of eight regional climate models for two
representative concentration pathways (RCP4.5 and RCP8.5) and two-time horizons
(2021–2050 and 2071–2100) were used to gain insight into changes in precipitation
relating to the reference period of 1971–2000.Analysesweremade of various indices,
such as annual totals, maximum 24 h total, 3-day total and the number of three-day
periods with precipitation totals greater than 50 mm; consecutive wet days (CWD)
and the number of wet periods longer than 5 days; simple daily intensity index
(SDII); consecutive dry days; number of dry and hot days and also number of days
with intense precipitation equal or above the thresholds of 20 mm per day. It was
found that most indices based on themodels under examination will increase and this
applies to both mean annual precipitation totals as well as in intense precipitation
and scarcity of water. Future changes will be more severe for higher RCP and the far
time horizon.

Introduction

The assessment of future changes in precipitation is very important and greatly
needed. A rise in magnitude, frequency and duration of extreme precipitation may
increase climate-related flood risk. Moreover, changes in annual totals and dry
periods have an impact on several sectors in Poland, from agriculture, forestry,
through the energy sector to water supply. This study presents projections of changes
in annual sum as well as nine other precipitation indices for Poland for the near
time horizon 2021–2050 and far time horizon: 2071–2100; under two representative
concentration pathways: RCP4.5 and RCP8.5.
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Institute for Agricultural and Forest Environment, Polish Academy of Sciences, Poznań, Poland
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Climate models are compatible and predict an increase in mean, as well as in
minimum and maximum temperatures. Changes in precipitation are more difficult
to project because of spatial diversity, high natural variability, seasonality and the
complexity of the phenomenon involving the sub-grid scale features such as topog-
raphy or land use, which makes it difficult to properly assess the intensity of precip-
itation on a smaller scale. Thus, downscaling methods are considered to be useful in
this case. The simulations in this study have been bias-corrected using the quantile
mapping method (Mezghani et al. 2016).

Simulations of past projections from the end of the twentieth century showed an
increase in total precipitation for Northern Europe and drier conditions for Southern
Europe. Poland, located in mid-latitudes, is placed between these pronounced
changes. The first IPCC Report (1992) stated that for Southern Europe (35°–50°N,
10°W-45°E) there will be an increase in precipitation in winter, but summer precip-
itation will decrease by 5–15% (IPCC “Business-as-Usual” scenario; changes from
pre-industrial). Results of global climate simulations for Central Europe and Poland
analysed by Liszewska and Osuch (1999) indicated an increase in precipitation.
Perry (2000) also presented future changes in summer and winter precipitation for
Poland for three time horizons and four IPCC SRES scenarios: B1, B2, A1 and A2
(Nakicenovic et al. 2000). Six models indicated an increase in winter rainfall and
one a decrease, but for summer this uncertainty of model projections was higher:
five models indicated a decrease and two—an increase. The more time distant the
projections, the more visible the changes in precipitation. According to Christensen
and Christensen (2007), for Eastern Europe at the end of the twenty-first century,
for the A2 scenario, there should be a precipitation increase during winter, which
will be lower during spring, but decrease for summer and autumn, which means less
precipitation than nowadays. The mentioned results for winter and summer were
comparable to those obtained for the A1B scenario (IPCC 2007). Projections of
changes in annual precipitation total (HadRM3, scenarios A2 and B2, period 2071–
2100) showed a decrease for Poland, despite an increase in precipitation during
winter for A2; for B2 simulations of the model showed also a decrease during winter
(Pińskwar 2010).

As global warming progresses, the model simulations have begun to predict
an increase in annual precipitation, like multi-model ensemble climate projections
obtained within the ENSEMBLES Project (van der Linden and Mitchell 2009)
under the A1B scenario. According to this study, for the near future 2021–2050, an
increase was shown for winter and autumn precipitation and almost no changes for
spring and summer. More visible changes were predicted for the period 2071–2100:
more precipitation during winter, spring and autumn and less during summer. The
latest climate model simulations for the RCP4.5 and RCP8.5 scenarios projected
an increase in annual precipitation all across the studied country for the periods
2021–2050 and 2071–2100. Although multi-model ensemble mean of models are
consistent on the overall positive changes for winter and spring, the changes for
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autumn and summer are more moderate, almost positive, but for southern Poland
precipitation are expected to decrease though (Mezghani et al. 2016).

Also, changes in extreme precipitation for Poland were more vague than for other
regions. According to the projection of changes corresponding to the A2 scenario
for several models (Tuomenvirta et al. 2006), the maximum daily precipitation will
increase during the winter throughout nearly all of Europe. It will decrease only in
the southern part of Spain, southern Italy and the island of Sicily. In the summer,
the maximum daily rainfall will increase in Belarus, Germany, Poland and parts of
Northern Europe. Bates et al. (2008) stated that in the future intensive rainfall will
increase, especially in high andmedium latitudes, particularly where average rainfall
increases. Kamiguchi et al. (2006) usedmodelMRI-CGCM2.3 (A1B scenario for the
period 2080–2099) and showed that intensive rainfall indicators (5-day rainfall sum,
number of days with precipitation above 10 mm, average wet day intensity and share
total annual precipitation above the 95th percentile) will increase almost worldwide.
Fewer dayswith precipitation above 10mmwill be expected in LatinAmerica, Chile,
southern Great Britain and Spain, partly in Madagascar and southern Australia. In
general, indices of extreme precipitations may increase where they are already high.
Pińskwar (2010) presented projections of the future changes for scenario A2, which
indicate in most cases an increase in intense rainfall and for the B2 scenario, for
which increases may be smaller, in a number of cases intensive rainfall may be
lower, specifically in the southwestern part of the country.

The latest projections of models show a likely further increase in extreme precip-
itation. Maximum 1-day and maximum 5-day precipitation totals are projected to
increase in almost all regions around the globe, including Central and Eastern Europe
(Hay et al. 2016). The use of a new generation of climate models strengthens the
results obtained in previous studies with the help of RCMs for the SRES A1B
scenario. Lehtonen et al. (2014) studied the multi-model-mean results for the A1B
forcing at the end of the twenty-first century and projected a maximum 24 h precipi-
tation total to increase by 10–30% acrossmost of Europe inwinter and about 10–20%
in summer in the north, but a small decrease in the south of the continent. Jacob et al.
(2014) compared a multi-model ensemble for the SRES A1B scenario to the new
regional EURO-CORDEX data set for RCP8.5 and RCP4.5 for the period 2071–
2100 with respect to 1971–2000. The projected seasonal mean changes in heavy
precipitation (95th percentile) for these three scenarios are relatively similar, with
some regional differences. In particular, the amplitude of change is stronger for
RCP8.5 than for A1B in several regions. For winter, the RCP8.5 scenario projects
the most dramatic increases in heavy precipitation (up to 35%) in Poland, whereas
A1B projects less pronounced changes (up to 25%). Similarly to this study, projected
changes for the RCP4.5 scenario, compared to RCP8.5, show convergent seasonal
patterns of changes, but the amplitude of changes is much smaller. The magni-
tude of changes for SRES A1B mostly lies in-between the two RCPs. Rajczak
and Schär (2017) studied projections of the 99th percentile of all-day precipitation
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(P99) over the European continent with a multi-model ensemble of 12 and 50 km
resolution EURO-CORDEX RCMs (EU-COR) forced by RCP4.5 and RCP8.5 and
compared those to ENSEMBLES RCMs (A1B) results. For Central and Eastern
Europe, including Poland, they projected an increase for the period 2070–2099 with
respect to 1981–2010 for all seasons with the highest increase taking place in winter.
Some 90% of the ensemble members agreed on the direction of change, except for
summer. The range of projections of ENSEMBLES RCMs are close to those for
EU-COR, except for summer (changes in projections of ENSEMBLES RCMs are
much smaller).

Also indices related to water shortages show a likely further increase. Kamiguchi
et al. (2006; theA1Bscenario for 2080–2099) presented thevalueof theCDDindex—
the longest dry period (with daily precipitation below 1 mm), which will increase in
most areas of the Southern Hemisphere, and will decrease in the high latitudes of
the Northern Hemisphere, in the Arabian Peninsula and China. Bates et al. (2008)
showed that in areas where the average rainfall is currently decreasing, the longest
dry period CDD (with daily precipitation below 1 mm) may increase in the future.
According to Pińskwar (2010), for both SRESA2 and B2 scenarios changes in warm
and dry periods will be more severe in the future. Osuch et al. (2016) investigated
the SPI value for six different climate model runs under the scenario A1B for the
period 1971–2099. They showed better water availability during the winter months
and a decrease in SPI in the summer period, which means increased water shortage.
The authors also indicated considerable inter-model variability on regional and local
scales.

Changes in precipitation may lead to problems associated with excess water,
dramatic and high-impact floods, but also droughts, which nowadays are severe
and may get even worse in the future. With the use of bias-corrected simulations
from the EURO-CORDEX project, this research analyses future changes in the
characteristics of mean and intense precipitation and also dry and hot spells across
Poland, comparing the past time periods of 1971–2000with two future time horizons:
2021–2050 and 2071–2100.

Data and Methodology

This study has been performed with the use of the multi-model ensemble mean
of eight regional model simulations for two representative concentration path-
ways: RCP4.5 and RCP8.5 and two time horizons, near future (NF): 2021–2050
and far future (FF): 2071–2100, stemming from the EURO-CORDEX project (see
Chapter 21). Simulations of these models are available also for the past interval,
1971–2000, so indices were calculated with reference to this past period. Analysing
simulations from an ensemble of various models reduces related uncertainties.

Several indiceswere used in this study to recognise future changes in precipitation.
Among them are annual total precipitation, indices related to wet periods and mean
intensity, such as the number of consecutive wet days (CWD) and the number of
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wet spells longer than 5 days, as well as simple daily intensity index (SDII). In
addition, indices to assess future changes in intense precipitationwere used, including
maximum 24 h total, 3-day total and the number of 3-day periods with precipitation
totals greater than 50mm, and also number of days with intense precipitation equal to
or greater than the threshold of 20mmper day and indices related to dry periods, such
as consecutive dry days, i.e. days with daily precipitation amount below 1 mm and
also the number of dry and hot days (with daily precipitation amount below 1mmand
with the maximum temperature equal to or greater than 30 °C). Data were processed
with the usage of the ClimateDataOperators (CDO) (Schulzweida et al. 2012). Some
indices were calculated on the basis of ECA indices, which are implemented in CDO
(CWD, SDII, maximum 24 h total, number of days with intense precipitation equal
to or above the threshold of 20 mm per day, CDD) and other indices were calculated
with the use of CDO operators.

Results

Generally, changes in precipitation in the future are more pronounced for the far
future (2071–2100) than for the near future (2021–2050) and for RCP8.5 than for
RCP4.5. The changes in extreme precipitation are likely to be more pronounced than
in themean precipitation in the future.When temperature increases, thewater holding
capacity of the atmosphere rises, and thus the possibility of intense precipitation also
grows. On the other hand, higher temperatures, especially hot spells during summer,
are conducive to long dry periods and a higher probability of drought occurrence.

Changes in Mean Precipitation and Wet Periods

The annual mean precipitation totals are projected to increase for the whole country,
with higher increases in southern and northern areas (Fig. 22.1). For the NF, more
precipitation than nowadays, at about 25–50 mm, is predicted for RCP4.5. Only in
northern and southern parts of the country the increase of annual totals may exceed
50mm,while for RCP8.5more areas could experience an increase exceeding 50mm.
For the FF, simulations show more areas with precipitation exceeding 50 mm and
exceeding 75 mm in the southern, northern and eastern parts of Poland for RCP4.5.
For RCP8.5, the increase is the highest: in the west up to 100 mm, in the east up to
125 mm, and also higher values for the northern and southern parts of country.

Changes in the largest number of consecutivewet days (CWD)do not show regular
patterns for RCPs and future time horizons, with increases and decreases up to 5 days
(Fig. 22.2). It is projected that that longest spell with precipitation above 1 mm will
be shortened to about 2.5 days in south-eastern part of Poland and for the FF (both
RCPs) for the upper Odra River basin. The longest wet spell will be extended about
5 days in the eastern part for the NF and RCP4.5 and in the far future for RCP8.5.
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Fig. 22.1 Changes in mean annual precipitation totals in mm. Difference in reference to the period
1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for period 2071–2100; lower row
RCP8.5; c for period 2021–2050; d for period 2071–2100

In the case of the number of wet periods (CWD) lasting more than five days
calculated for the entire 30-year period, changes are more regular (Fig. 22.3). In the
future, there will be more wet spells for most of the area of Poland for both RCPs
and time horizons, up to 10 and up to 20 periods especially in the eastern part of the
country. Less wet spells (up to 10 days) are projected to occur in the west for both
RCPs and in the south-eastern parts of the country for the near future for RCP4.5
and both time horizons for RCP8.5.

In the future, also the mean precipitation amount on wet days, SDII (i.e. above
1 mm), is projected to increase. For the NF and both RCPs (Fig. 22.4), mean daily
precipitation could be more intense by 0.25–0.5 mm, while for the FF by about
0.5 mm for RCP4.5 and up to 0.75 mm for most of the area of Poland, as well as up
to 1 mm for the southern part of the country for RCP8.5.
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Fig. 22.2 Changes in the largest number of consecutive wet days (CWD). Difference in reference
to the period 1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for period 2071–2100;
lower row RCP8.5; c for period 2021–2050; d for period 2071–2100

Changes in Extreme Precipitation

Changes in extreme precipitation show a rather consistent pattern. For nearly the
whole country, simulations of models predict an increase in values of indices and
this increase will become higher at the end of the twenty-first century. In the near
future, one can expect that themaximum daily precipitation (Fig. 22.5) will be higher
by 20–40 mm than nowadays, and for the far future even by 60–80 mm.

Similarly, simulation models show changes for maximum 3-day precipitation
totals (Fig. 22.6). This 3-day maximum may decrease only in a small area and
increase up to 50 mm for both RCPs and period 2021–2050, and is to be much
higher (up to 75–100 mm) for RCP8.5 in the end of the century. Also, in the future,
there will be a higher number of 3-day periods with precipitation totals greater than
50 mm for the studied periods (Fig. 22.7); up to 25 spells in nearly the whole country
and up to 50 in the south of Poland for the near future and both RCPs and the far
future and RCP4.5. A greater number of these very wet periods can be expected for
RCP8.5 and the period 2071–2100; in the southern part even up to 75 and 100.



536 I. Pińskwar and A. Choryński

Fig. 22.3 Changes in the number ofwet periods (CWD) ofmore than 5 days for 30 years.Difference
in reference to the period 1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for period
2071–2100; lower row RCP8.5; c for period 2021–2050; d for period 2071–2100

In the future, there will be more days with daily precipitation amounts equal to or
greater than 20 mm (Fig. 22.8). For the NF and both RCPs, the number of days with
extreme precipitation may increase by 0.5–1.0. For the time horizon 2071–2100, this
increase will be higher: by 2 days for the southern part of Poland for RCP4.5 and
even up to 3–4 days in this area for RCP8.5.

Changes in Dry and Dry and Hot Spells

In both the near and far future and both RCPs, the longest dry period (CDD, Fig. 22.9)
will be even longer, on average by 5 days, especially in the eastern part of Poland
and shorter on average by 7 days in the western part. However, changes in the largest
number of consecutive dry days (CDD) are unevenly distributed. In the case of the
longest dry and hot period (Fig. 22.10), the models are more comparable. In the
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Fig. 22.4 Changes in the simple daily intensity index (SDII—the mean precipitation amount of
wet days, i.e. above 1 mm). Difference in reference to the period 1971-2000. Upper row: RCP4.5;
a for period 2021–2050; b for period 2071–2100; lower row RCP8.5; c for period 2021–2050; d for
period 2071–2100

future, this period will be longer by 3–7 days and even up to 12 days in the eastern
part of the country for RCP8.5 in the end of the twenty-first century. This means that
it is very likely there will be a significant extension of dry and hot waves.

Conclusions

This study brings to light projected future changes in annual precipitation total as
well as in indices of intense and extreme precipitation and dry periods for Poland.
The multi-model ensemble mean of eight regional model simulations has been used
for two representative concentration pathways: RCP4.5 and RCP8.5 and two time
horizons, near future: 2021–2050 and far future: 2071–2100. Apart from the two
indices, namely CWD and CDD, the model simulations are rather consistent as to
the direction of changes in future precipitation. This information about changes in
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Fig. 22.5 Changes in maximum 24 h precipitation totals. Difference in reference to the period
1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for period 2071–2100; lower row
RCP8.5; c for period 2021–2050; d for period 2071–2100

precipitation are vital for climate change adaptation and flood risk reduction (Zhang
et al. 2013). Every increase in extreme precipitation can contribute to more severe
floods in the future, while increases in dry periods lead to extended droughts. Recent
studies indicate that the projection of precipitation extremes is associatedwith various
uncertainties related to emission scenarios of greenhouse gases, GCMs, RCMs and
statistical downscalingmethods as well as by natural variability of climate. However,
the direction of projected changes inmean, heavy precipitation and dry periods across
Poland are quite consistent and correspondwith continental-scale results. Projections
also show that the highest values of indices may not increase for the whole country
(CWD and CDD), but their frequency may increase, as shown in the case of CWD.
Hence, the results can be regarded as fairly robust.
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Fig. 22.6 Changes in maximum 3-day precipitation totals. Difference in reference to the period
1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for period 2071–2100; lower row
RCP8.5; c for period 2021–2050; d for period 2071–2100
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Fig. 22.7 Changes in the number of 3-day periods with precipitation totals greater than 50 mm
for 30 years. Difference in reference to the period 1971–2000. Upper row: RCP4.5; a for period
2021–2050; b for period 2071–2100; lower row RCP8.5; c for period 2021–2050; d for period
2071–2100
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Fig. 22.8 Changes in the number of days with daily precipitation amounts equal to or greater
than 20 mm. Difference in reference to the period 1971–2000. Upper row: RCP4.5; a for period
2021–2050; b for period 2071–2100; lower row RCP8.5; c for period 2021–2050; d for period
2071–2100



542 I. Pińskwar and A. Choryński

Fig. 22.9 Changes in the largest number of consecutive dry days (CDD) with daily precipitation
amounts less than 1 mm. Difference in reference to the period 1971–2000. Upper row: RCP4.5;
a for period 2021–2050; b for period 2071–2100; lower row RCP8.5; c for period 2021–2050; d for
period 2071–2100
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Fig. 22.10 Changes in the longest period with daily precipitation amounts less than 1 mm and
maximum daily temperature equal or greater than 30°C. Difference in reference to the period
1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for period 2071–2100; lower row
RCP8.5; c for period 2021–2050; d for period 2071–2100
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Chapter 23
Projected Changes in Thermal Indices
Related to the Agriculture and Energy
Sectors

Dariusz Graczyk, Iwona Pińskwar, and Adam Choryński

Abstract The increase in air temperature by 2100 projected by climate models
will affect the value of thermal characteristics that are important from the point of
view of the agriculture and energy sectors. Noticeable changes for each of the nine
calculated indices are already visible in the so-called near future (2021–2050). At
the end of the current century, they are projected to increase so dramatically that
they will significantly affect the analysed sectors. The growing season in projections
based on the RCP 8.5 scenario may be extended in some regions of Poland by up to
2 months and the frost-free period in almost the entire territory of Poland by at least
40 days. The annual number of growing degree days for both temperature thresholds
(5 °C and 10 °C) will also increase significantly. From the energy consumption point
of view, the positive effect of warming will be a significant reduction in the demand
for energy used to heat buildings (heating degree days). This positive impact can,
however, could be reduced by a large increase in energy demand due to refrigeration
and air conditioning (cooling degree days). Even in warmer climates, there will still
be some days with a high demand for energy for heating. An increase in the demand
for energy for cooling during the warmest days may overload energy production and
transmission systems.

Introduction

Climate model projections of future thermal conditions in Central Europe and in
Poland are in consensus that temperatures will continue to increase. The range of
possible warming depends mainly on the greenhouse gas emission scenario (IPCC
SRES) in the previous generation of models and scenarios of concentration (RCP) in
more recent approaches. The time horizon of analysis is also important. For different
models, the increase in the average annual air temperature in the near future (before
2050) is noticeable and in line with current trends. Its value is estimated at 1–1.4 °C
compared to the reference period of 1971–2000. The projections for the end of this
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century predict a temperature increase of 3.8 °C for RCP 8.5 scenario and 1.9 °C for
RCP 4.5, assuming limitations on greenhouse gas emissions (Piniewski et al. 2017).

Projections of average temperature values due to high inter-annual, seasonal or
monthly variability of this parameter do not sufficiently describe the thermal condi-
tions in the analysed time and space. Much more precise information on future
thermal conditions is provided by analyses based on the so-called characteristic days
when the air temperature reaches or exceeds certain threshold values. The results of
climate models containing information about the future values of different meteo-
rological characteristics also aid in calculating more complex indices. Thus, it can
be estimated whether and to what extent climate change affects various sectors of
the economy and human activity. Useful information on their vulnerability to the
effects of global warming can be provided by analysis of currently occurring extreme
climatic phenomena such as heat waves or prolonged droughts. Some analyses of
climate models, e.g. Beniston et al. (2004) and Kysely (2009) found that heat waves
that are currently considered to be very severe, and at the end of the twenty-first
century may be much more frequent, may become a yearly phenomenon.

The impact of climate change on some sectors of the economy has previously been
studied for Poland as well with the use of the results of climate model projections.
The impact on public health and mortality associated with high temperatures in
the future has been studied by Błażejczyk et al. (2017, 2018) and Kuchcik (2013).
Projections of agrometeorological characteristics were analysed by Graczyk and
Kundzewicz (2016). The impact on health, water management and agriculture has
also been considered in the literature (Szwed et al. 2010).

The purpose of this research is to examine the future values of nine indices related
to two important sectors of the Polish economy—agriculture and energy.

Data and Methodology

Projections of eight climate models created for two emission scenarios RCP 4.5
and RCP 8.5 as parts of the EUROCORDEX project have been used for calculation
of indices. More detailed information on the models can be found in Chapter 21.
Model simulations were used to calculate the value of nine indices vital to both the
agriculture and energy sectors. Each index has been analysed for two time horizons:

– near future (NF) covering the years 2021–2050;
– far future (FF) covering the years 2050–2100.

The interval 1971–2000 was selected as the reference period.
List of indices and short description of calculation methods:

1. Growing season length (GSL) calculated as the period between the occurrence
of the first 6-day period with Tavg > 5 °C in the first half of the year and the first
occurrence of the 6-day period with Tavg < 5 °C in the second half of the year.
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2. Beginning of growing season (GSB) calculated as the day of the year that begins
the first 6-day period of the year with Tavg > 5 °C.

3. Frost-free period length (FFP) calculated as the number of days between the
occurrence of the last spring day with Tmin < 0 °C and the first autumn day
with Tmin < 0 °C.

4. Growing degree days for threshold values 5 °C (GDD5) calculated as the annual
sum of positive deviations of daily mean air temperature above the threshold 5
°C.

5. Growing degree days for threshold values 10 °C (GDD10) calculated as the
annual sum of positive deviations of daily mean air temperature above the
threshold 10 °C.

6. Heating degree days (HDD) calculated as the annual sum of negative deviations
of daily mean air temperature below the threshold 17 °C.

7. Maximum daily value of heating degree days (HDDmax) calculated as the
maximum daily value of negative deviations of daily mean air temperature
below the threshold 17 °C.

8. Cooling degree days (CDD) calculated as the annual sum of positive deviations
of daily mean air temperature above the threshold 20 °C.

9. Maximum daily value of cooling degree days (CDDmax) calculated as the
maximum value of positive deviations of daily mean air temperature above
the threshold 20 °C.

Calculations were performed using CDO Command Line Operators (CDO)
(Schulzweida et al. 2012). Most indices were calculated on the basis of ECA indices
(implemented in CDO). The indices CDD and GDD10 were calculated with the use
of modified CDO operators (e.g. changing temperature thresholds).

Results

Indices Important for Agriculture

Growing Season Length

The average from eight climate models (Fig. 23.1) predicts the extension of the
growing season as early as in the period of 2021–2050. Compared to the reference
period 1971–2000, the growing season will be extended by as many as 15–30 days
for the whole country. In the case of simulations based on the RCP 4.5 concentration
scenario, there are areas in the south and centre of the country where the increase of
length of the growing season will be less than 15 days. For the RCP 8.5 scenario, the
extension of the vegetation period of less than 15 days occurs only in a very small area
in southeastern Poland. At the end of the twenty-first century, the growing seasonwill
be extended even further. For the RCP 4.5 scenario, it will take 30–45 days longer in
most of the country. In the simulations based on the RCP 8.5 scenario, the difference
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Fig. 23.1 Changes in mean annual growing season length. Difference in reference to the period
1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for period 2071–2100; lower row
RCP8.5; c for period 2021–2050; d for period 2071–2100

between the reference period and far future in the north and west of Poland may
exceed 2 months. The extension of the growing season in the near future will occur
to a large extent due to the acceleration of its onset. For both concentration scenarios,
the growing season will start 7–14 days earlier than in the reference period. In the
far future, the beginning of the growing season for the RCP 4.5 emission scenario
will be accelerated in most parts of the country by up to 3 weeks and on the Baltic
coast by more than a month. Simulations based on the RCP 8.5 scenario assume
that, in the FF, the growing season in most of the country will start 5–6 weeks earlier
than in 1971–2000 and in the eastern part of the coastal area by as many as 50 days
(Fig. 23.2).
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Fig. 23.2 Changes in the beginning of growing season. Difference in reference to the period 1971–
2000. Upper row: RCP4.5; a for period 2021–2050; b for period 2071–2100; lower row RCP8.5;
c for period 2021–2050; d for period 2071–2100

Frost-Free Period Length

The extension of the growing season will be accompanied by an increase in the
length of the frost-free period (Fig. 23.3). In the near future (2021–2050), for both
concentration scenarios, the increase in the length of the frost-free season for most
area is in the range of 10 to 20 days. In 2071–2100, simulations for the RCP4.5
scenario provide for an extension of the frost-free period by further 10–20 days for
southeastern, central and large parts of Western Poland. Even higher values may
occur in a large area of Poland. Compared to the period 1971–2000, the no-frost
period will be extended by up to 40 days and in areas near Gdańsk Pomerania by
as many as 50. For projections based on the RCP 8.5 scenario in the far future, the
no-frost period will be at least 40 days longer in the entire country, although in places
in the north and in the foothills, the extension will exceed 2 months.
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Fig. 23.3 Changes in mean annual length of frost-free period. Difference in reference to the period
1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for period 2071–2100; lower row
RCP8.5; c for period 2021–2050; d for period 2071–2100

Growing Degree Days

The extension of the vegetation period and the increase in the average air temperature
in individual months of the year will increase the annual sum of growing degree days.
For the 5 °C threshold temperature, for both RCP scenarios, the increase will be for
nearly the entire country from 200 to 300 degree days, and in the case of the RCP
8.5 scenario, up to 400 degree days in the coastal area (Fig. 23.4). In the years 2071–
2100, annual sums of GDD will increase in most of Poland by 400–500 degree days
(RCP4.5). Furthermore, even higher values are predicted by simulations based on
the RCP 8.5 scenario. The average of these ranges from 700 degree days in the north
and northeast to 900 degree days in the south and west of the country.

Annual sums of growing degree days for plants with higher thermal requirements,
for which the threshold value is 10 °C, in 2021–2050, according to the simulation
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Fig. 23.4 Changes in annual sums of growing degree days for the threshold 5 °C. Difference in
reference to the period 1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for period
2071–2100; lower row RCP8.5; c for period 2021–2050; d for period 2071–2100

for the RCP 4.5 emission scenario, will increase in Poland on average from 100 to
200 degree days (Fig. 23.5). Simulations for RCP 8.5 concentration scenarios in the
south of Poland (but not in the mountainous areas) and on the Baltic coast predict a
greater increase. In the far future, throughout almost the entire country, the average
annual sums of growing degree days according to the simulation for the RCP 4.5
scenario will be higher than at reference period from 200 to 300 degree days and in
the south and west up to 500 degree days. The RCP 8.5 scenario provides evidence
for an increase of 500–600 degree days and in the south even up to 800 degree days.
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Fig. 23.5 Changes in annual sums of growing degree days for the threshold 10 °C. Difference
in reference to the period 1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for period
2071–2100; lower row RCP8.5; c for period 2021–2050; d for period 2071–2100

Indices Important for Energy Demands

Heating Degree Days

Temperature increases in the cool part of the year will lead to a decrease in the
amount of energy used for heating purposes. The magnitude of this decrease for the
near future and for the last decades of the twenty-first century is shown in Fig. 23.6.
For nearly the entire area of Poland, in theRCP4.5 scenario, the sumof annual heating
degree days (HDD) drops by 200–400 degree days. Similar values are predicted by
models for the RCP 8.5 scenario for southwest and west Poland, central Poland and
locations in the Podkarpacie region. In the northeast and in the foothills, a decrease
of 400 to 600 HDD is projected. The simulation results for the last decades of the
twenty-first century indicate that the decrease in the value of this indicator will have
a similar geographical distribution for both scenarios. In the RCP 4.5 scenario, even



23 Projected Changes in Thermal … 553

Fig. 23.6 Changes in annual sums of heating degree days. Difference in reference to the period
1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for period 2071–2100; lower row
RCP8.5; c for period 2021–2050; d for period 2071–2100

up to 800 degree days could decrease in the north, east and in the foothills. In the
same areas, according to the RCP 8.5 scenario, the decrease is projected to be as high
as 1200 degree days.

During the coldest days of exceptionally cold winters, the demand for energy to
heat buildings increases rapidly. Figure 23.7 shows the difference in HDD during
the coldest days that may occur in the future compared to those currently recorded.
In the NF, these differences for both RCP scenarios do not exceed 5 degree days.
Considering that currently, the largest daily HDD sums in large parts of Poland
exceed 40 degree days, it can be concluded that also in the near future there may be
days during which demand for heating energy will be very high. Although to a lesser
extent, this will also be the case in the far future when the maximum daily HDD
sums decrease in different places by more than 10 degree days.
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Fig. 23.7 Changes in the highest daily sum of heating degree days. Difference in reference to the
period 1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for period 2071–2100; lower
row RCP8.5; c for period 2021–2050; d for period 2071–2100

Cooling Degree Days

The average annual cooling degree days (CDD) values will be higher in the future,
regardless of the adopted time horizon and emission scenario (Fig. 23.8). In the years
2021–2050, the value of the CDD index will increase for both emission scenarios by
25 to 50 CDD almost throughout Poland. This is equivalent to the annual occurrence
of one additional 7-day heat wave during which the average daily temperatures will
be 3.6 to 7.2 °C higher than the average from the reference period. In some areas
located in the north of Poland and in the foothills, CDD growth will be smaller—
from 0 to 25 degree days. In the far future, large differences between scenarios are
projected. For the RCP 4.5 emission scenario, for the most part of the country, the
CDD is projected to increase by 75–100 degree days and the highest increases in
the upper Odra valley and the upper Vistula basin may reach up to 125 degree days.
For almost all of southern Poland (excluding mountainous areas), model simulations
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Fig. 23.8 Changes in annual sums of cooling degree days. Difference in reference to the period
1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for period 2071–2100; lower row
RCP8.5; c for period 2021–2050; d for period 2071–2100

based on the RCP 8.5 scenario predict an increase of CDD by 150–175 and in some
places of the upper Odra and Vistula basins up to 200 degree days.

The hottest days currently recorded during heatwaves for most of Poland exceed
the value of 8 degree days of the CDD index. In the NF, the values of this index
may increase during the hottest days in almost the entire country by at least 2–3
degree days (Fig. 23.9). Although the nominal growth does not seem large compared
to currently recorded values, it is projected to exceed 35%. During the hottest days
recorded in the far future in a large area of the country, daily values may be 5–6
degree days (60–75%) higher than those recorded during the reference period.
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Fig. 23.9 Changes in the highest daily sum of cooling degree days. Difference in reference to the
period 1971–2000. Upper row: RCP4.5; a for period 2021–2050; b for period 2071–2100; lower
row RCP8.5; c for period 2021–2050; d for period 2071–2100

Summary and Discussion

The increase in air temperature visible in the projection of climatemodels will signif-
icantly affect the sectors analysed in this study. Changes in almost all of the examined
indices will become evident already in the near future, 2021–2050. Furthermore, the
growing season is projected to be longer in most parts of Poland by 15–30 days. At
the end of the current century, according to models based on the RCP 8.5 scenario,
the growing season may be up to 60 days longer than in the reference period. Similar
values for central Polandwere obtained byNieróbca et al. (2013). For theHadCM-A2
model, it was an increase of 14 days to 2030 and 27 days in 2050. Projections of the
ECHAM-A1B model, based on the scenario assuming lower greenhouse gas emis-
sions, indicated an increase of 10 and 18 days, respectively. Graczyk andKundzewicz
(2016) analysed the period closer to the end of the century (2061–2090). For the
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projection by three models based on the SRES A2 scenario, the growing season may
be longer by 40–60 days in the east to 70–90 days in the west of Poland. Projections
are in line with the currently observed trends. A spatially diversified trend indicating
an earlier beginning and later end of the growing season and, as a result, the exten-
sion of the growing season was reported e.g. in Tomczyk and Szyga-Pluta (2019).
Extension in the first decade of the twenty-first century, according to Nieróbca et al.
(2013), was found to vary from 8 to 16 days compared to the period of 1971–2000,
depending on the region of Poland.

Considering only the thermal background, conditions of agricultural production
will improve in the future. An increase in air temperature may effect with earlier
occurrence of individual development phases by arable crops, e.g. Kozyra (2013).
Increasing annual sums of growing degree days and extension of the frost-free period
will favour crops with higher thermal requirements. This is already visible at the
present time, e.g. Wypych et al. (2016). The beneficial effect may, however, be
reduced partially or completely, for example by more frequent occurrence of intense
drought and rainfall deficiencies in summer and the growing season, see Pinskwar
(2010) and Szwed et al. (2010).

The increase in air temperature predicted by climate models will have a dual
impact on energy demand. During the cold part of the year, the demand for heating
energy will significantly decrease. This can bring savings in the near future. In
contrast, demand for energy for refrigeration and air conditioning will increase.
According to the projection by climate models, energy demand will increase until
the end of the century and, in some parts of Poland, the growth may exceed even
75% of the currently recorded values. While air conditioning uses only electricity,
heating depends on many sources of energy. Hence, it is difficult to estimate now
whether profits will outweigh costs in the future. According to estimates by Damm
et al. (2017), in 2036–2065 for the RCP 4.5 scenario, due to global warming, energy
consumption will fall in almost all European countries. It is estimated at 1 to 2% for
Poland.
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DammA, Köberl J, Prettenthaler F, Rogler N, Töglhofer C (2017) Impacts of+2°C global warming
on electricity demand in Europe. Climate Services 7:12–30 https://doi.org/10.1016/j.cliser.2016.
07.001

Graczyk D, Kundzewicz Z (2016) Changes of temperature-related agroclimatic indices in Poland.
Theor Appl Climatol 124(1–2):401–410

Kozyra J (2013)Wpływ prognozowanych zmian temperatury powietrza na fenologię zbóż ozimych
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Pińskwar I (2010) Projections of changes in precipitation extremes in Poland. Monografia KGW
PAN, 34 (in Polish)
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period from about 1000 to 2100. The majority of examined climate elements, mete-
orological phenomena and indices show statistically significant changes at least in
certain areas of Poland and at certain seasons of the year. Moreover, many elements
demonstrate significant year-to-year variability and temporal fluctuations. Changes
of particular climate elements are interrelated. The primary causative factors are both
anthropogenic changes (greenhouse gas emissions resulting in increased greenhouse
effect and global warming, local sources of air pollution) and natural changes: (1)
circulation factors: changes in the intensity and location of atmospheric activity
centres, changes in the frequency of advection from a specific sector, and the
frequency of cyclonic and anticyclonic systems over Poland and (2) radiation factors
(changes in values of global solar radiation, sunshine duration and cloudiness). These
changes, especially visible after the 1980s, affect the trends ofmost climatic elements,
meteorological phenomena and indices. The effects of these changes, both positive
and negative, are evident in people’s daily lives (e.g. decrease in bioclimatic cold
stress, increase in bioclimatic heat stress, changes in conditions for recreation and
sport) and economy (e.g. improvement of thermal agricultural conditions, changes
in energy demand for heating buildings, air conditioning and refrigeration). A better
understanding of the relationships of trends of the different climatic elements should
be the aim of further research into the climate of Poland.

The book presents the results of climate research throughout Poland in the pre-
instrumental period (using proxy data), instrumental period (using mainly statistical
methods, based on data from weather stations and grid data) and projected changes
(using regional climate models). A total of 1100 years are covered, i.e. the period
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from about 1000 to 2100. The most important results of these studies for specific
periods, climate elements and indices are as follows:

Climate change before instrumental measurements:

• data for the Medieval Warm Period are of a high degree of uncertainty; however,
the mean annual air temperature during that period might have been comparable
to that of nowadays. Climate in this period had a great degree of oceanicity; during
the Little Ice Age winters were on average about 2°C colder than today, while
summers a little warmer. In this period the highest degree of climate continentality
was noted;

• the highest precipitation totals in the entire historical period likely occurredmainly
in the twelfth and thirteenth centuries; secondary maxima were noted in the first
halves of the sixteenth and eighteenth centuries.On the contrary, during the second
halves of the fourteenth and sixteenth centuries, low precipitation totals were
observed;

• inconsistencies between proxy-based climate reconstructions remain in the
details, which may be attributed to using different archives, uncertainties in
chronologies, varied sensitivities of the proxy used in particular reconstructions,
and finally to the not fully comparable meaning of the reconstruction results.
As great potential for research still remains, further development of new data
sources, sampling sites, parameters and more sophisticated methods of recon-
struction could potentially increase our understanding of multicentennial past
climate changes in Poland.

Change of atmospheric circulation:

• from the end of the nineteenth century to the present, large fluctuations and a
general weak increasing trend of circulation from the westerly sector were found;
according to the typology of J. Lityński and Grosswetterlagen an increase of
western circulation in the 1980s and 1990s is noticeable, while at the turn of the
1960s and 1970s and during the last 10 years the weakening of this circulation
pattern is marked; during the summer the weakening of western circulation was
evident, particularly in the last several years;

• the circulation from the south had a slightly decreasing trend throughout the year
except for the summer when the opposite trend was found;

• changes in the cyclonicity index expressing the frequency of low pressure systems
over Poland have shown increasing trends in all seasons.

Air pressure change:

• the largest range of air pressure fluctuations occurred in the cool half-year,
especially in the winter, and the smallest in the summer;

• days with a pressure of ≥ 1030 hPa (strong high) occur in Poland several times
more often than days with a pressure of ≤ 990 hPa (deep low),
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• no significant and statistically significant changes in both annual and seasonal,
as well as monthly pressure values were found in their long-term course; the
absence of such changes was also evident in the number of days with high and
low pressure (≥ 1030 i ≤ 990 hPa); similar regularities are also noticeable in
the 118-year measurement series from the Scientific Station of the Climatology
Department of the Jagiellonian University in Kraków (Kraków Observatory);

• the described features of themulti-annual and annual pressure courses indicate that
changes in the studied element are characterised by the occurrence of alternating
shorter periods of their clearly higher or lower values.

Solar radiation change:

• long-term trends of global solar radiation in Poland are, in most cases, statisti-
cally insignificant; a few significant tendencies were observed in southeastern and
southwestern Poland (positive from 1990s, in summer, autumn and winter) and in
southern Poland (negative for the whole twentieth century, in autumn, winter and
year-round); no significant changes in the solar radiation in the high mountains
have been demonstrated;

• in Kraków, for a 125-year series of global solar radiation values (partly recon-
structed a periodicity of about 60 years is observed with three periods of relatively
high values (1880–1900, 1940–1960, 1990–2018) separated by periods of low
values: 1910–1930 and 1970–1990.

Sunshine change:

• there is a statistically significant growing trend in actual and relative sunshine
duration in the period 1971–2018 throughout Poland, more strongly expressed in
the western part of the country; these trends are the result of both circulation (an
increase in the frequency of convective clouds in recent years, a decrease in the
frequency of stratiform clouds) and anthropogenic factors (the improvement of
air quality in Poland);

• the decrease in the number of days without sunshine was observed in the whole
of Poland;

• long heliographic series confirmed the high multi-annual variability of sunshine
duration in Poland and showed the periods of decreases and increases in sunshine
duration also at the turn of the nineteenth and twentieth centuries, and in the first
half of the twentieth century, although not as pronounced as the periods of “global
dimming” and “global brightening”.

Cloudiness change:

• in themajority of Poland the cloud cover did not change considerably in the period
1951–2018;

• in the south of the country there is a group of stations where a statistically signif-
icant rise in annual and seasonal mean cloud cover occurs; periods of smaller
cloudiness were observed in the country during the first half of the 1970s and at
the turn of the 1980s and 1990s;
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• the maximum of the average annual total cloud cover in Poland was observed
in 1966. The minimum annual cloudiness was recorded in Poland in 1982, and
that year the low value of cloud cover occurred at the majority of stations in the
country;

• strong changes are occasionally revealed in case of particular seasons in subpe-
riods: 1951–1984 and 1985–2018; statistically significant increases in mean
cloudiness were present in Poland in spring in the subperiod 1951–1984 and
in winter in the years 1985–2018;

• considerable changes may be observed in case of the number of characteristic
nephological days;

• themost important long-term changes are observed in the frequency of occurrence
of different cloud genera: the low-level clouds excluding Stratus are becoming
more frequent; this is also the case for Altocumulus and high-level clouds; the
decrease in the occurrence of middle-level stratiform clouds also can be observed.

Air temperature change:

• there are observed increasing tendencies in average annual and seasonal air
temperature, annual and seasonal maximum air temperature, annual and seasonal
minimumair temperature, number of hot days and adecreasing trend in the number
of frosty days;

• the trends were found irrespective of the length of the period considered; this is
especially noticeable in the basic period under analysis (1951–2018), although
it is the result of a significant increase in air temperature in the last 3 decades,
confirmed independently by the results of analyses for various thermal indicators;
these changes are in most cases highly statistically significant, however, particular
attention should be paid to the trends in average and maximum air temperatures
during the year and in the summer and winter.

Air humidity change:

• a slight increase in specific humidity in Poland is noted, significant particularly
in summer (up to 0.2 g:kg−1 per 10 years) and autumn; the relative trend reaches
approximately 3% of mean values;

• a statistically significant decrease in relative humidity as a result of increasing air
temperature is observed starting in the second half of the twentieth century; the
trend value of almost 1% per decade is observed in the southeastern part of the
country and much less at the coast; the relative trend is the highest, about 5% of
the mean, in central Poland;

• the most intensive decreasing trends in relative humidity all around the country
have been found for spring (March–May) and summer (June–August).

Precipitation change:

• in summer, spring and on an annual scale, precipitation totals were decreasing in
southwestern Poland,while in the other parts of Poland therewas either a tendency
to increase or no trendswere found; in autumn, increasing trends dominated,while
in winter opposite trends were found in northern (increases) and southern Poland
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(decreases); winter was found to have the highest number of significant trends,
but on a monthly scale, trends were most numerous in March.

• in terms of the precipitation frequency (expressed by the number of days with
precipitation), positive trends dominated on an annual scale and in spring and
summer, particularly in the northern part of the country; stations with no trends
were often located in southern Poland; in autumn, the precipitation frequency
increased at a great majority of stations; lastly, the winter precipitation frequency
was increasing in northern and western Poland but with the slowest rate of all
seasons, while most stations in southern Poland experienced no trends in this
precipitation characteristic.

Snow cover change:

• year-to-year variability of snow cover duration and its seasonal maximum depth
is the largest in regions with the lowest values of snow cover;

• the number of days with snow cover during the 68 winter seasons has a negative
time trend throughout Poland (with a minimum of −4 to −5 days per 10 years
in northeastern Poland); this tendency is statistically significant in most area of
Poland except for the highlands and some parts of the mountainous areas; the
relative changes in the number of days with snow cover are the most significant
in regions with a short duration of snow cover (western Poland; −8 to −10% per
10 years); the maximum depth of snow cover throughout the considered period
revealed a negative trend in most area of Poland, statistically significant in the
highlands and mountainous areas (−2 to −6%/10y); only in northeastern Poland
is the trend positive, statistically insignificant;

• in longer periods (80–104winter seasons), the snow cover duration andmaximum
snow cover depth are characterised by a slight negative or near zero time trend at
most weather stations.

Change of wind:

• for most of Poland, the 75th and 95th percentile values and maximum values of
extreme wind speed are decreasing; the decreases do not exceed 0.4 ms−1 per
decade in the case of the 75th percentile, 0.7 ms−1 per decade in the case of the
95th percentile and 1.0 ms−1 per decade for maximum values in a year; the trends
are statistically significant at 29, 32 and 23 stations from 41 (75th, 95th percentile
andmaximum values in a year, respectively); increases are recorded on the central
coast, at individual stations in the centre and in the south, but they do not reach
the level of statistical significance;

• the trends in extreme wind speed are the weakest in summer; in the remaining
seasons, the downward trends dominate and are statistically significant in more
than half of Poland; in all seasons, an increase in wind speed is observed on the
central coast.

Change of thunderstorms and tornadoes:

• long-term thunderstorm activity tendencies in Poland (1951–2018) indicate that,
in the eastern part of the country, signals of an increase in the frequency of
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days with thunderstorms can be observed, in the western part trends are rather
downward; however, long-term variability of thunderstorm occurrence in Poland
from 1885 to 2018 indicates that there was no statistically significant tendency of
changes and only in the cool half of the year the trend is increasing and statistically
significant;

• although with each year the European tornado database is expanding, it is still too
short, a timeframe to derive reliable conclusions regarding long-term trends and
even spatial patterns (given how rare these events are); based on the observational
records from the twenty-first century, it may be estimated that, on average, 5 weak
tornadoes, 1–2 significant tornadoes and 4 waterspouts are reported each year in
Poland (approximately 10 cases per year);

Change of hail frequency:

• no significant changes in the number of days with hail were observed in the
period under investigation (1966–2018); a similar lack of significant trend or
slight change only has been observed since 1901 in Kraków; however, large year-
to-year changes and periods with higher hail frequency as well as periods with
almost no hail are noticeable; these changes are probably connected to circulation
conditions in particular years.

Change of fog frequency:

• fog occurrence shows a high spatial and temporal variability in the territory of
Poland in the study period (1966–2018);

• mountain areas show a distinctively different regime of fog frequency than the
rest of the country; in the high mountains, the fog frequency is the highest (about
300 days per year), no statistically significant multi-annual changes of most of
the indices can be defined and the inter-annual variability is very low.

• at the seaside, the number of days with fog is the lowest (about 28 days per year on
average) and the inter-annual variability is high; no statistically significant trends
can be determined for most of the indices.

• in the lowland areas of northern and central Poland, and in the uplands of southern
Poland, a high variability in fog occurrence and long-term trends can be observed
in each region; for areas with the highest fog frequency, i.e. in central-eastern
Poland statistically significant increasing trends in annual number of days with
fog and days with fog lasting < 6 h were obtained, while for the others the trends
were either decreasing or not significant statistically.

Change of bioclimatic indices:

• the analysis shows a significant increase inminimumandmeanvalues ofUniversal
Thermal Climate Index (UTCI) and Physiological Subjective Temperature (PST)
during the period 1951–2018;

• UTCI and PST minimum values (represented winter season) increased signifi-
cantly over time in the whole area of Poland including the mountains, especially
in the northeast (UTCImin growth was up to 1.8°C per 10 years) and Tarnów in
the southeast (up to 2.2°C per 10 years).
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• UTCI maximum values (summer season) were increasing significantly only in
northeastern and northwestern Poland (0.3–0.5°C per 10 years) and at the foothills
of the mountains (0.3–0.4°C per 10 years). The changes of maximum PST values
were insignificant.

• on average, in every decade, the number of cold days was reduced to −2.7 days
in the case of PST (average relative trend −1.2%/10 years) and −3.2 days per
10 years at UTCI (relatively −6.0%/10 years on average), but, in the northeast
the reduction was much bigger, 7 days per 10 years (UTCI, relative trend −
7.0%/10 years) and 6 days when considering PST (relatively −2.3%/10 years).

Change of weather types:

• the number of days with very warm weather (3–) increased in the period 1951–
2018 (1901–2018); the trend of it at most stations was 3–5 days per 10 years; the
rise was mainly due to a higher frequency of those days fromMarch to November,
especially those marked with the symbol 310 (very warm, cloudy without precip-
itation) and 311 (very warm, cloudy with precipitation), even at high mountain
stations;

• there is a decreasing tendency in the number of days with frost (5– and 6–), espe-
cially cold, cloudy without precipitation (510) or very cloudy with precipitation
(521) and fairly frosty (9–), especially sunny and/or cloudy without precipitation
(900 and/or 910);

• there is a decreasing tendency in the number of weather types in a year (a statis-
tically significant trend in 75% of the surveyed stations) in Poland; this indicates
that the weather varies less in the year, i.e. it is more and more stable.

Future climate change: air temperature:

• all models have shown an agreement on a systematic upward trend in the mean
temperature, both for the near and far future and for RCP4.5 and RCP8.5; in the
future the extreme hot conditions not only will be hotter, but will also last longer
and/or appear more frequently. In contrast, frosty periods and their frequency
will decrease; the thermal changes in the future are more pronounced for the far
future (FF: 2071–2100) than for the near future (NF: 2021–2050) and more for
the RCP8.5 scenario than for RCP4.5.

• the mean annual temperature is projected to increase in the future for the whole
territory of Poland; higher increases are projected for the northeastern and eastern
areas. The increases are projected to range from 1°C for NF and RCP4.5 to almost
4°C for FF and RCP8.5.

• in the period of 2021–2050, changes in the absolute maximum temperature could,
on average, be higher by 2–3°C across Poland, up to 4–5°C on the coast (RCP4.5);
for the far future horizon of 2071–2100, the increases are significantly higher: for
RCP8.5, they range from 3–4°C in the east to more than 7°C on the coast; the
projections of the changes in the absolute minimum temperature mostly indicate
increases by 2–3°C, for NF and both RCPs; for the FF, there are projected greater
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differences between RCPs; for RCP8.5, the projected increases may reach more
than 10°C in the northeastern parts of Poland in comparison to the reference
period.

• for the near future and both RCPs, no increase in the mean number of days with
minimum temperature above 20°C is expected for the whole territory of Poland;
the increases are projected only for FF and RCP8.5.

Future climate change: precipitation:

• most precipitation indices based on the models under examination will increase
and this applies to both the mean annual precipitation totals as well as in intense
precipitation and scarcity of water; future changes will be more severe for higher
RCP and the far time horizon.

• the changes in extreme precipitation are likely to be more pronounced than in the
mean precipitation in the future.

Future climate change: thermal indices related to the agriculture and energy
sectors:

• the growing season is projected to be longer in most parts of Poland by 15–
30 days; at the end of the current century, according to models based on the RCP
8.5 scenario, the growing seasonmay be up to 60 days longer than in the reference
period;

• the frost-free period in almost the entire territory of Polandmay by at least 40 days;
• for nearly the entire area of Poland, in the RCP 4.5 scenario, the sum of annual

heating degree days (HDD) drops by 200–400; similar values are predicted by
models for theRCP8.5 scenario for southwest, west, central and southeast Poland;
in the northeast and in the foothills, a decrease of 400 to 600 HDD is projected;
the simulation for the end of the twenty-first century in the RCP 4.5 scenario
indicates up to a 800 HDD decrease in the north, east and in the foothills; in the
same areas, according to the RCP 8.5 scenario, the decrease is projected to be as
high as 1200 degree days;

• in the period 2021–2050, the value of the cooling degree days index (CDD) will
increase for both emission scenarios by 25 to 50 in majority of Poland; in the
far future, large differences between scenarios are projected: increase by 75–100
CDD for the RCP 4.5 emission scenario, for most of the country and up to 125 in
the upper Odra valley and by 150–175 for the RCP 8.5 scenario.

The chrysophyte-based reconstruction of winter severity showed similar
features to data available fromother European regions.Despite someperiods of diver-
gence, the chironomid-inferredmeanAugust temperature reconstruction responded
similarly to other archives. The dendroclimatic reconstruction of summer temper-
ature variability for the TatraMountains compared with those obtained for the Alpine
arc and Central Europe revealed similarities, especially during the cold periods asso-
ciated with the Dalton and Late Maunder solar minima and sequences of major
volcanic eruptions. Due to the relatively low precipitation signal present in the
dendroclimatological records developed for the territory of Poland, there is a limited
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number of works with reconstructed precipitation in Poland in the pre-instrumental
period based on tree rings in comparison to other parts of Europe.

Several research methods used for atmospheric circulation analysis produced
rather consistent results, which are relatively convergent throughout Poland. The
results are also not in contradiction with those of previously published works on
circulation changes in the last 100 years in Europe. An increase in low pressure
system frequency over all seasons in Poland explains, to some extent, the greater
dynamism of weather conditions.

No significant changes in air pressure were also concluded at other European
regions (Bielec-Bąkowska 2010, Sweeney 2000; Bielec-Bąkowska and Piotrowicz
2013) and in the North Atlantic region (Bärring and Fortuniak 2009). However, in the
period 1961–2018 in the north and east of Poland, as well as at its southwestern end,
there were signals of an increasing number of days with SLP ≥ 1030 hPa connected
perhaps with an increase in the incidence of winter anticyclonal systems associated
with the shift of the Asian High towards the northwest (Zhang et al. 2012).

The negative trend of annual solar radiation totals in Kraków over the entire 125-
year period studied is accompanied by a positive trend in cloudiness in the city over
the period 1826-2005, as proven by Lewik and co-authors (2010). Relatively high
values of global solar radiation in southern Poland in the period 1990–2018 corre-
spond with decreasing trend of cloudiness in 1985–2018 in summer and autumn
(Filipiak 2021). The global solar radiation course in southern Poland largely corre-
sponds to the periods of “global dimming” and “global brightening”, described by
researchers in different parts of the world (Liepert 2002; Alpert et al. 2005;Wild et al.
2005, 2007; Norris and Wild 2007; Ruckstuhl and Norris 2009; Wild 2009). There
is an observed decrease in values until the end of the 1970s or 1980s, depending on
the season of a year, and then an increase until the end of the twentieth century. The
positive trend in solar radiation since the 1980s can be a significant factor affecting
the positive trend of thermal conditions (Ustrnul et al. 2021) and the negative trend
for snow cover (Falarz and Bednorz 2021).

The long-term variability of sunshine duration in Poland shows similar tenden-
cies to the changes occurring in other parts of the world. This is confirmed both by
the data from the multi-annual period of 1971–2018 from 31 stations in Poland and
the long-term heliographic series from Warszawa, Puławy, Wrocław and Śnieżka.
The periods of “global dimming” and “global brightening”, well-known from the
climatological literature are very clearly visible in the course of sunshine duration
in Poland. The years 1971–1980 mark the end of “global dimming”, which was
manifested in very low values of actual and relative sunshine duration. “Global
brightening” confirms a statistically significant growing trend in actual and relative
sunshine duration, with its maximum in 2018 at all analysed stations in Poland.
Similar tendencies in sunshine duration over a larger area indicate causes of global
nature, only modified by local factors. Macro-scale conditions can be of both natural
(related to circulation and volcanic eruptions) and anthropogenic origin caused by
changes in the concentration of aerosols due to industrialisation and urbanisation, as
well as measures to reduce their emissions.
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The mean cloud amount in Poland does not differ significantly from the values
recorded in neighbouring European countries and in the entire Baltic Sea basin due
to the crucial role of atmospheric circulation in forming the nephologic conditions
in Poland. An important role in this case is also played by processes of a local scale
related to relief diversity and orography, land use and in particular factors connected
with impact of the cities.

The demonstrated variability of thermal conditions in Poland is fully in line with
the trends observed in recent decades in Europe and elsewhere in the world (IPCC
2013; Abram et al. 2019). This applies in particular to the courses of average air
temperature values for which there are a number of key studies.

The maximum amount of water vapour in the atmosphere depends on the air
temperature. The increasing temperature causes an increase in specific humidity.
However, the trend magnitude is lower over land where moisture sources are limited
(Wypych and Bochenek 2018; Wypych et al. 2018). In addition, relative humidity
describing the saturation percentage decreases in conditions of increasing temper-
ature as the amount of available water vapour is insufficient to execute increasing
moisture capacity (Wypych 2018).

The temporal course of precipitation characteristics is rather dominated by short-
term, several year-long fluctuations, and dry and wet decades. It was also indicated in
a number of previous studies (Kożuchowski 1982, 1985; Żmudzka 2002; Kirschen-
stein 2005; Czarnecka and Nidzgorska-Lencewicz 2012; Skowera et al. 2014; Mali-
nowska and Jakusik 2015; Mager et al. 2009). The area of Central Europe is on
the maps published in the IPCC report (2013), shown as an area with positive but
statistically insignificant trends in annual precipitation totals in the period 1979–
2010 (according to CRU, GHCN, GPCC datasets) and a negative insignificant trend
of frequency in the annual maximum number of consecutive dry days in the period
1951-2010 for grid data. The results presented in this book for the territory of Poland,
based on data from meteorological stations, are fully in accordance with those of
IPCC Report.

The trends of snow cover in Poland are mostly negative and are in line with those
observed in Europe, Eurasia (Bednorz 2004; Takala et al. 2009; Fontrodona Bach
et al. 2018; Henderson and Leathers 2010) and throughout the Northern Hemisphere
(Fernandes et al. 2009; Brown and Robinson 2011; Flanner et al. 2011). Changes in
snowcover inPoland are the result of changes in circulation, thermal andprecipitation
conditions, which have a great influence on snow cover (Bednorz 2004; Falarz et al.
2018). Changes in snow cover affect radiation balance, mainly due to spring snow
cover-albedo feedback (Fernandes et al. 2009; Flanner et al. 2011). This is particularly
important in areas such as Poland, where the ground is seasonally covered by snow
(Barry and Gran 2011). Negative trends in the snow cover duration and its maximum
depth have a negative impact on skiing and winter sports conditions (Marke et al.
2015). This is especially true in mountainous areas, where the ski season is the
longest. It is therefore increasingly necessary to create artificial snow for the slopes
provided a fulfilment of thermal criteria (Steiger andMayer 2008). In theHighAlpine
Mountains, the categorisation of the difficulty has changed for a number of routes,



572 M. Falarz et al.

and the beginning of the climbing season has shifted earlier (Mourey and Ravanel
2017).

The results of the study of snow cover changes in Poland are largely consistent
with IPCC Reports (IPCC 2013, 2018; Abram et al. 2019), which highlight the
fastest changes in snow cover extent in spring in the Northern Hemisphere (Déry and
Brown 2007), especially in the Arctic (Brown et al. 2010). The average March and
April Northern Hemisphere snow cover area decreased by 1.59% per decade over
the 1967–2012 period (Déry and Brown 2007). A decline in Arctic sea ice extent has
also been observed as well (Vaughan et al. 2013).

The decreasing trends in annual and seasonal series of wind speed were observed
also in other countries in Europe, e.g. in Czech Republic (Brázdil et al. 2017,
Zahradníček et al. 2019), inHungary (PélinéNémeth et al. 2011), inGermany (Kohler
et al. 2018), in Portugal and Spain (Azorin-Molina et al. 2014; 2016; 2017), in the
Balkans (Romanić et al. 2015), in Sweden (Minola et al. 2016) and in Finland (Laapas
and Venäläinen 2017). A number of authors attribute this trend to an increase in
surface roughness. This thesis can be confirmed by the increasing statistically signif-
icant tendency of wind speed and the number of days with strong wind (> 8 ms−1) in
Central Europe obtained in research based on zonal and meridional wind velocity at
a height of 10 m above ground level from 35 grids in the period 1951–2005 (Araźny
et al. 2007).

The spatial differentiation of the number of days with thunderstorms and its
annual cycle does not differ significantly from similar characteristics recorded in
earlier research periods.Over the last 40–50 years, the period of thunderstorm activity
during the year was often longer than in previous years and shifts towards the begin-
ning of the convective season. These regularities are specific for most regions of
Europe, e.g. for the Baltic countries (Enno et al. 2013), for Sweden (Sonnadara et al.
2006), forAustria (Schulz et al. 2005), for theCzechRepublic (Novak andKyznarova
2011) and for Romania (Antonescu and Burcea 2010). The latest studies based on
lightning detection data also pointed to the period from June to August as the most
prone to thunderstorm occurrence in Europe (Enno et al. 2020; Taszarek et al. 2019;
Poelman et al. 2016).

An important addition to our knowledge of the occurrence of tornadoes in ques-
tion was the discovery of dozens of historical tornado cases that took place over the
last 200 years in Poland. This finding contradicts the popular statement that “torna-
does in Poland are a new thing and have become more frequent due to the changing
climate”. Historical records indicate that this phenomenon is not new, but Poland has
been and is vulnerable to the occurrence of devastating tornadoes even up to F4 on
the Fujita scale. Although such disasters are very rare, they are possible as evidenced
over the last 200 years. Estimates based on the reanalysis indicate that along with
the globally warming climate, environmental conditions are becoming consistently
more conducive for severe convective thunderstorms in Poland, including tornadoes.

The number of days with hail in Poland is similar to that observed in Central
Europe, although it is much lower than in Southern Europe and in the areas of the
world with the highest frequency of convection phenomena (Punge and Kunz 2016;
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Prein and Holland 2018). In the coastal area and the lakelands, the inflow of signif-
icant amounts of moisture (Zinkiewicz and Michna 1955; Tuovinen et al. 2009)
and the warming effect of the Baltic Sea drive the higher frequency of hail occur-
rence. Southern Poland is the mountainous area of the most favourable conditions
for hail occurrence: the diversified topography is conducive to the intensification of
upward air currents and the formation of Cumulonimbus cloud complexes. The most
dangerous hailfall occurs in the south and east of Poland, which is mainly attributable
to orographic and circulation conditions (Pilorz 2015; Taszarek and Suwała 2015).

The regional feature of the amount of fog is not always correctly recognised in
large-scale studies. For example, in the paper by van Oldenborgh et al. (2010), the
data used present much better the spatial differences in the fog frequency in Poland
than in case of the work by Vautard et al. (2009). The authors conclude that for
inter-annual variability, the effects of circulation dominate, but, for the trend, other
factors are more important, e.g. decreasing aerosol emissions over Europe, a larger
fraction of urban land, moisture availability and heat generation at ground level.

The other analysis of UTCI trends in Poland confirms the results obtained in
this study (Kuchcik 2017; Tomczyk and Owczarek 2020). The observed changes in
bioclimatic indices (UTCI and PST) do not exactly reflect the pattern of increasing
sunshine duration throughout Poland, however correlates more with increases of
mean cloudiness especially in winter in the years 1985–2018. The multi-annual
pattern of days with different thermal sensations and thermal stress categories also
shows an increase in hot and neutral days, and a decrease in the number of cold
days. The changes of the UTCI index value are bigger than the changes of the
meteorological parameters analysed separately which confirms the legitimacy of
using biometeorological indicators in the analyses of thermal stress.

The results of weather types investigation are consistent with the research of
temperature, and cloudiness conditions (e.g. Wójcik and Miętus 2014; Wypych et al.
2017; Bielec-Bąkowska et al. 2018), precipitation (e.g. Czarnecka and Nidzgorska-
Lencewicz 2012; Marosz et al. 2011) and cloudiness condition (e.g. Filipiak and
Miętus 2009; Matuszko 2007, Wibig 2008). Particular types of weather have been
grouping since 1951 (and in Kraków since 1901) in slightly longer sequences of
days. Francis et al. (2018) also point to an increased persistence of North American
Weather Regimes. The authors hypothesise that the reason for this is rapid Arctic
warming. They suggest that further warming may favour persistent weather patterns
that can lead to weather extremes and increased frequency of long-duration events
(LDEs). In short, this may be associated with longer heat waves in the summer and
warmer periods in the cool half of the year, i.e. refer to a higher frequency of days
with the thermal type of very warm, warm and cool weather (3–, 2– and 1–).

The climate will continue to change in the future. All climate models have
shown an agreement on a systematic upward trend in the mean temperature in
Poland. In the future, the extreme hot thermal conditions will become even hotter,
last longer and appear more frequently, while amplitude of frosty periods and their
frequency will decrease. Nonetheless, climate change extends far beyond changes
in temperature. The projected mean temperature change for Central Europe is about
1.5–2°C at 1.5°C global mean surface temperature (GMST) warming and 2–3°C
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at 2°C GMST warming compared to preindustrial time period (1861–1880) (IPCC
2018). The values are comparable to those obtained by RCPs.

Projected mean precipitation change for Central Europe is 0–5% at both 1.5°C
and 2°C global mean surface temperature (GMST) warming compared to preindus-
trial time period (1861–1880) (IPCC 2018). Future increase in extreme precipitation
can contribute to more severe floods, while increases in dry periods lead to extended
droughts. Recent studies indicate that the projection of precipitation extremes is asso-
ciated with various uncertainties related to emission scenarios of greenhouse gases,
GCMs, RCMs and statistical downscaling methods as well as by natural variability
of climate. However, the direction of projected changes in mean, heavy precipitation
and dry periods across Poland are quite consistent and correspond with continental-
scale results. Projections also show that the highest values of indicesmay not increase
for the whole country.

Considering only the thermal background, conditions of agricultural produc-
tion will improve in the future. An increase in air temperature may result in earlier
occurrence of individual development phases by arable crops (Nieróbca et al. 2013).
Increasing annual sums of growing degree days and extension of the frost-free
period will favour crops with higher thermal requirements. The beneficial effect
may, however, be reduced by more frequent occurrence of intense drought and rain-
fall deficiencies in summer and the growing season (Pinskwar 2010; Szwed et al.
2010).

The positive effect of projected warming will be a significant reduction in the
demand for energy used to heat buildings. However, this positive impact could be
reduced by a large increase in energy demand due to refrigeration and air condi-
tioning. Even in warmer climates, there will still be some days with a high demand
for energy for heating. An increase in the demand for energy for cooling during the
warmest days may overload energy production and transmission systems. According
to estimates by Damm et al. (2017), in 2036–2065 for the RCP 4.5 scenario, due to
global warming, energy consumption will fall in almost all European countries. Such
an estimation for Poland area is at 1 to 2%.

The majority of examined climate elements, meteorological phenomena and
indices show statistically significant changes at least in certain areas of Poland and at
certain seasons of the year. Moreover, many elements demonstrate significant year-
to-year variability and temporal fluctuations. Changes of particular climate elements
are interrelated. Schemes of current and future climate change connections in Poland
based on the results presented in this book are shown in Figs. 24.1 and 24.2. The
primary causative factors are both anthropogenic changes (greenhouse gas emis-
sions resulting in increased greenhouse effect and global warming, local sources of
air pollution) and natural changes: (1) circulation factors: changes in the intensity and
location of atmospheric activity centres (Zhang et al. 2012; Falarz 2019), changes
in the frequency of advection from a specific sector, and the frequency of cyclonic
and anticyclonic systems over Poland and (2) radiation factors (changes in values of
globar solar radiation, sunshine duration and cloudiness). These changes, especially
visible after the 1980s, affect the trends of most climatic elements, meteorological
phenomena and indices. The effects of these changes, both positive and negative, are
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evident in people’s daily lives (e.g. decrease in bioclimatic cold stress, increase in
bioclimatic heat stress, changes in conditions for recreation and sport) and economy
(e.g. improvement of thermal agricultural conditions, changes in energy demand for
heating buildings, air conditioning and refrigeration).

A better understanding of the relationships of trends of the different climatic
elements should be the aim of further research into the climate of Poland.

References

Abram N, Gattuso J-P, Prakash A, Cheng L, Chidichimo MP, Crate S, Enomoto H, Garschagen
M, Gruber N, Harper S, Holland E, Kudela RM, Rice J, Steffen K, von Schuckmann K (2019)
Framing and context of the report. In: IPCC Special Report on the Ocean and Cryosphere in
a Changing Climate [H.-O. Pörtner, D.C. Roberts, V. Masson-Delmotte, P. Zhai, M. Tignor, E.
Poloczanska, K. Mintenbeck, A. Alegría, M. Nicolai, A. Okem, J. Petzold, B. Rama, N.M.Weyer
(eds.)]

Alpert P, Kishcha P, KaufmanYJ, Schwarzbard R (2005) Global dimming or local dim-ming? Effect
of urbanization on sunlight availability. Geophys Res Lett 32:L17802. https://doi.org/10.1029/
2005GL023320

Antonescu B, Burcea S (2010) A cloud-to-Ground lighting climatology for Romania. MonWeather
Rev 138:579–591
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klimatu polski od połowy xx wieku. Rezultaty projektu klimat. Prace i Studia Geograficzne
47:51–66

Matuszko D (2007) Zachmurzenie. In: Matuszko D (ed) Klimat Krakowa w XX wieku. IGiGP UJ,
Kraków, pp 75–86

Minola L, Azorin-Molina C, Chen DL (2016) Homogenization and assessment of observed near-
surface wind speed trends across Sweden, 1956–2013. J Climate 29:7397–7415. https://doi.org/
10.1175/JCLI-D-15-0636.1

Mourey J, Ravanel L (2017) Evolution of access routes to high mountain refuges of the Mer de
Glace Basin (Mont Blanc Massif, France): An example of adapting to climate change effects in
the Alpine High Mountains. J AlpE Res | Revue de géographie alpine, 105(4). https://doi.org/10.
4000/rga.3790

Nieróbca A, Kozyra J, Mizak K, Wróblewska E. (2013) Zmiana długości okresu wegetacyjnego w
Polsce (Changing length of the growing season in Poland). Woda-Środowisko-Obszary Wiejskie
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