
Geographia Polonica
2025, Volume 98, Issue 1, pp. 53-77
https://doi.org/10.7163/GPol.0292

INSTITUTE OF GEOGRAPHY AND SPATIAL ORGANIZATION
POLISH ACADEMY OF SCIENCES

www.igipz.pan.pl

www.geographiapolonica.pl

LONG-TERM AND SEASONAL VARIABILITY OF AIR 
MASSES TEMPERATURE IN KRAKÓW (1961-2023)

Zuzanna Bielec-Bąkowska

Faculty of Natural Sciences, Institute of Earth Sciences
University of Silesia in Katowice
Będzińska 60, 41-200 Sosnowiec: Poland
e-mail: zuzanna.bielec-bakowska@us.edu.pl

Abstract
This study attempted to determine temperature changes in southern Poland due to changes in the thermal 
characteristics of individual air masses. For this purpose, the daily air temperature values at the Kraków- 
-Balice synoptic station were used, as well as the types of atmospheric circulation and air masses for south-
ern Poland from the daily Calendar of Atmospheric Circulation Types for southern Poland. The study showed 
that the temperature increase of individual air masses was most significant in tropical air masses and was 
noticeable in both average and extreme daily temperature values. It was also found that the increase in 
temperature in particular air masses is associated with an increased number of warmer days, although not 
necessarily hot ones.
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Introduction

The climate change observed in recent dec-
ades is most extensively manifested through 
an increase in air temperature and changes to 
both the sums and annual course of precipita-
tion, as well as through a higher frequency of 
extreme climatic events (IPCC, 2021). Major 
changes, particularly to air temperature, 
are recorded in the Arctic (Serreze & Barry, 
2011) and the northern hemisphere, including 
Europe (Krauskopf & Huth, 2020; Twardosz 
et al., 2021). At the same time, these changes  

to  climatic conditions are clearly linked 
between the two mentioned areas (Francis & 
Vavrus, 2012; Screen, 2014). They are strong-
ly influenced by changes in the atmospheric 
circulation, a  significant contributor to the 
energy balance of these particular regions 
(Alekseev et al., 1991), which is very visible, 
especially at high latitudes, throughout the 
year (Serreze & Francis, 2006). The increase 
in air temperature leads to changes in other 
meteorological elements, including snow cov-
er and atmospheric humidity, which are also 
related to changes in, among others, cloud 
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cover and precipitation (Cattiaux et al., 2011; 
Serreze & Barry, 2011). 

In recent decades, climate change in 
Europe is clearly visible not only through 
changes to mean values of meteorologi-
cal factors, but also through the increased 
frequency and intensity of extreme climatic 
events. An example of this is the occurrence 
of increasingly strong and long heat waves, 
extremely hot and dry summers (Sinclair et al., 
2019; Met Office, 2022), or entire periods of 
extremely high or low temperatures (Twar-
dosz & Bielec-Bąkowska, 2022; Skrzyńska 
& Twardosz, 2023). The occurrence of such 
weather anomalies is inherently connected 
with severe consequences to the natural envi-
ronment (droughts and an increasing number 
of fires; Zvyagintsev et al., 2011), economy 
(including problems with transport and agri-
culture; Peters et al., 2020; Gössling et al., 
2023), or human life and health (Campbella 
et al., 2018). 

For these reasons, climate change is not 
only carefully observed, but also its causes 
are investigated. Particularly important are 
changes in atmospheric circulation, which 
in certain regions of the world, are usually 
the main factor that directly determines the 
current changes in climatic conditions. Many 
indices and characteristics of air flow over 
the particular area are used when analys-
ing circulation-related climate conditions at 
a particular site. The most important include, 
among others, those describing changes in 
large scale circulation described by circula-
tion indices such as AO, NAO or El Niño–
Southern Oscillation (Trigo et al., 2002; Zuo 
et al., 2015; Cai et al., 2020). The other group 
includes classifications of circulation patterns 
that refer to the direction of air advection 
and the type of pressure system occurring 
over a  given region, as well as to weather 
types. The latter provide a complex descrip-
tion of the most important weather charac-
teristics present on a given day (examples of 
such classifications have been provided, inter 
alia, by Piotrowicz & Ciaranek, 2020; Petrou 
et al., 2022). Often, relationships are sought 
between changes in climatic conditions and 

changes in the frequency of occurrence, 
intensity, or tracks of pressure system move-
ments (Pezza et al., 2007; Zarrin et al., 2010; 
Bielec-Bąkowska, 2014; Pfahl, 2014). Much 
less frequently, the analyses involve the type 
of air mass (Lee, 2020; Bartoszek & Kaszew-
ski, 2022; Petrou et al., 2022) or atmospheric 
fronts (Schemm et al., 2017; Sykulski & Bielec-
-Bąkowska, 2017). 

The two latter elements characteristic of 
atmospheric circulation are an important fac-
tor affecting Europe’s climatic conditions. This 
is related to the small sizes and significant 
fragmentation of the continent, as well as to 
the fact that it remains under the influence 
of frequent changes in air advection from 
over the Arctic and Atlantic Ocean, as well 
as tropical air masses from over Africa and 
the continental from vast continent of Asia. 
An important aspect of such variability also 
involves changes in the thermal characteris-
tics of the air masses over the year as well 
as weather conditions in the source areas, 
including the temperature of ocean surface 
(Dole et al., 2011). For this reason, the preva-
lence of characteristic circulation types, par-
ticularly vast and long-lasting high-pressure 
systems, as well as the sequences of certain 
types providing advection of air with specific 
thermal properties, is responsible for extreme 
thermal conditions, including those covering 
large areas of the continent (Bielec-Bąkowska 
& Twardosz, 2023).

Central Europe, including Poland, with its 
very frequent cases of collision between these 
air masses, forms an exceptional area, the 
climate of which is often called transitional 
on this account (Martyn, 1992). At the same 
time, in this region, as well as in other regions 
of the world, a significant increase in air tem-
perature is recorded (Ustrnul et al., 2021). 
Therefore, it was decided to verify whether 
the temperature increase in southern Poland 
also included changes to the thermal charac-
teristics of particular air masses. This became 
the basis for formulating the purpose of the 
research presented in the study, devoted to 
long-term and seasonal changes in the tem-
perature of air masses in the considered 
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region. The study analysed whether there 
are seasonal and long-term changes to the 
frequency of advection of distinct air masses, 
their temperature, as well as flow direction. 
Furthermore, it was assessed whether the 
changes in the thermal characteristics of 
air masses are associated with an increased 
number of days with increasingly higher tem-
peratures (not necessarily extreme) or with 
the occurrence of days with extremely high 
temperatures for a  given air mass over the 
year, seasons or month. 

Materials and research methods

The research is based on the daily values of 
minimum, average, and maximum air tem-
perature at the Kraków-Balice synoptic sta-
tion (for the period 1961-2023), as well as the 
types of atmospheric circulation and air mass-
es from the daily Calendar of Atmospheric 
Circulation Types for southern Poland (1951-
2023) compiled by Niedźwiedź (1981, 2024). 

The study analysed changes in the temper-
ature of air masses occurring in the atmos-
pheric surface layer based on measurements 
at a height of 2 m above sea level. Publicly 
available temperature data comes from 
a synoptic station that is part of the network 
of meteorological stations of the Institute 
of Meteorology and Water Management – 
National Research Institute (IMWM-NRI) rep-
resenting non-urban areas (https://danepub-
liczne.imgw.pl). The data selected have been 
considered homogenous and are used in 
many scientific studies. At the same time, pre-
vious research has proven that the research 
area selected reflects the climatic conditions 
prevalent in much of Central Europe below 
500  m  a.s.l. (Trepińska, 1997). This allows 
the results to be considered representative of 
a larger European region.

The second dataset is the daily Calendar 
of Atmospheric Circulation Types for southern 
Poland. The distinct types of synoptic situation 
characterise the atmospheric conditions prev-
alent in southern Poland. They describe the 
direction of air advection and type of pres-
sure system prevailing in southern Poland, 

as well as the types of air mass and atmos-
pheric fronts moving over the study area on 
a given day. The study mainly uses the infor-
mation noted on the types of air mass. They 
were marked with the symbols proposed by 
the author, and their description is provided 
in Table 1. Furthermore, the direction of 
inflow during particular types of air mass has 
been specified using the information on the 
circulation types they accompany. Among 
21 circulation types, 16 are advection types 
the letter symbol of which indicates the direc-
tion of advection and the type of pressure 
system it was related to (“a” – anticyclonic or 
“c” – cyclonic situation), 4 other types include 
situations with no clear advection, and finally 
X – unclassified situations or a pressure col 
(Tab. 1; Niedźwiedź, 1981). 

In the first stage of the study, changes in 
annual, seasonal and monthly air tempera-
ture values in Kraków in the years 1961-2023 
were determined. For this purpose, daily mini-
mum (Tmin), average and maximum (Tmax) 
temperature values were used. When exam-
ining the long-term changes in minimum and 
maximum daily temperature, the 1st or 99th 
percentile values were taken into account, 
respectively. Additionally, seasonal and long-
term changes in the occurrence of selected 
thermally characteristic days were present-
ed: warm (Tmax > 25°C), hot (Tmax > 30°C), 
frosty (Tmax  <  0°C) and severe frosty 
(Tmin < -10°C) days. Based on the annual val-
ues of the average daily temperature, 10% (6) 
of the warmest and 10% of the coldest years 
of the period considered were also distin-
guished. Then, it was checked whether their 
occurrence confirms a significant increase in 
temperature since the 1990s, and using aver-
age seasonal temperature values, whether 
their average annual temperature was the 
result of high or low temperature values 
occurring throughout the year or mainly, for 
example, in a specific season.

The next stage of the work was the analy-
sis of seasonal and long-term changes in 
the frequency of occurrence of individual air 
masses distinguished based on the Calendar 
of Atmospheric Circulation Types for southern 
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Poland and the determination of the frequen-
cy and long-term changes in the directions of 
their inflow over Poland. For this purpose, the 
number of days with individual types of air 
masses and the circulation types associated 
with them was used.

In the next part of the study, seasonal and 
long-term changes in the temperature of air 
masses were determined. The average tem-
perature values for the year and individual 
months were calculated as the average value 
of all days with a  specific type of air mass 
occurring in a given year or month, respec-
tively. Due to multi-year changes in the fre-
quency of occurrence of individual types of air 
masses in subsequent years and during the 
year, the results obtained should be treated 
with due caution and interpreted as a signal 
of changes in the direction and magnitude 
of the increase in temperature of a given air 

mass. For this reason, it was decided to check 
whether the observed temperature increase 
was associated with a small number of days 
with extremely high temperatures or rather 
a greater number of warmer days, although 
not necessarily extremely hot. For this pur-
pose, the 50th, 70th and 90th percentile of 
daily temperature values in Kraków-Balice 
were calculated for each month. Calculations 
were carried out for daily minimum, average 
and maximum values. Then, it was calculated 
how many days with a  given air mass had 
a temperature higher or equal to a given per-
centile. Finally, it was summarized how many 
such days occurred in individual months and 
the year (annual values were calculated as 
the sum of monthly values). Also in this case, 
the obtained results should be interpreted 
with caution, especially in the case of Arctic 
and tropical air masses, which occur very 

Table 1. Types of atmospheric circulation and air masses (according to catalogue of Niedźwiedź, 2024)

Types of atmospheric circulations

Anticyclonic circulations Cyclonic circulations

Symbol Direction of advection Symbol Direction of advection

Na North Nc North

NEa North–East NEc North–East

Ea East Ec East

SEa South–East SEc South–East

Sa South Sc South

SWa South–West SWc South–West

Wa West Wc West

NWa North–West NWc North–West

Ca central anticyclonic
situation (high centre)

Cc central cyclonic situation
(low centre)

Ka anticyclonic wedge or
ridge of high pressure

Bc through of low pressure

X unclassified situations or pressure col

Types of air masses

A arctic

mP polar maritime (fresh)

wmp polar maritime warm

omP polar maritime old (transformed)

cP polar continental

T tropical

vAm various air masses in day
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rarely and most often appear in the cold or 
warm half of the year, respectively.

When analysing long-term trends in 
temperature change and the frequency of 
particular air masses, Pearson correlation 
coefficients were applied (in the case of 
statistically significant changes, they rarely 
exceeded the value of 0.4 and this concerned 
mainly changes defined for the year and sum-
mer months), while the significance of the 
changes (calculated at the level of 0.05) was 
verified using the Mann-Kendall test (Mann, 
1945; Kendall, 1975).

Long-term temperature changes 
in Kraków-Balice

Over the period from 1961 to 2023, mean 
annual air temperature at the Kraków-Balice 
station was 8.5°C, and ranged from 6.6°C 
in 1980 to 11.8°C in 2023 (Tab.  2; Fig.  1). 
Whereas the temperature range was from 
-29.9°C (daily minimum recorded on January 
13, 1987) to 37.3°C (daily maximum recorded 
on August 8, 2013). As in many other regions 
of the world, in the period under consid-
eration there was a  strong and significant 
increase in average annual temperature, par-
ticularly pronounced since the 1990s, which 

in the case of annual values amounted to 
0.40°C/decade (Fig.  1). Except for October 
and November, the increase was also seen in 
the temperatures for the remaining months, 
with the values ranging from 0.23°C/decade 
(in September) to 0.59°C/decade (in January), 
and for the seasons – from 0.21 to 0.28°C/
decade in autumn and spring respectively 
and from 0.50 to 0.52°C/decade in sum-
mer and winter respectively. Similar changes 
are seen in the 99 percentile of daily maxi-
mum temperature (0.49°C/decade) and the 
1  percentile of daily minimum temperature 
(0.92°C/decade) temperature values record-
ed in a given year. As far as specific months 
are concerned, however, such strong changes 
are mainly visible in the warmest and coldest 
months and in the summer (0.53 and 0.38°C/
decade respectively) and winter (0.53 and 
1.04°C/decade respectively). In the case 
of the daily minimum temperature, the sta-
tistically significant change also concerned 
autumn and amounted to 0.27°C/decade.

Despite the increase in the mean annual 
temperature value recorded in Kraków-Balice, 
10% (6 years) of the lowest annual values (6.6-
7.0°C) were recorded different decades of 
the 20th century. Even 2010, scoring 13th 
on the thermal criterion, was also rather cool 

Table 2. Values [°C] and trends [°C /10 years] of temperature changes in Kraków-Balice in the years 
1961-2023 

Temperature I II III IV V VI VII VIII IX X XI XII Year

Values [°C]

The highest daily 
maximum

1994 2021 1968 2012 2002 2019 2019 2013 2015 2001 1968 1998 2013

16.6 19.8 24.1 30.0 32.6 34.2 35.6 37.3 34.8 27.1 22.5 19.3 37.3

Average daily -2.4 -0.8 3.1 8.5 13.5 17.0 18.5 18.0 13.6 8.7 3.6 -0.7 8.5

The lowest daily 
minimum

-29.9 -29.3 -26.8 -6.9 -3.2 -0.1 5.4 2.7 -3.1 -7.4 -17.2 -29.5 -29.9

1987 1963 1968 2013 2007 1966 1962 1984 1970 1988 1985 1961 1987

Tendency [°C /10 years]

99 percentile of 
daily maximum 0.68 0.82 0.44 0.30 0.31 0.44 0.57 0.52 0.13 0.42 0.35 0.48 0.49

Average daily 0.59 0.47 0.36 0.24 0.25 0.46 0.52 0.53 0.23 0.2 0.21 0.45 0.40

1 percentile of daily 
minimum 1.01 0.72 0.48 -0.03 0.14 0.45 0.41 0.41 0.41 0.11 0.10 1.00 0.92

statistically significant values at the 0.05 level are bolded
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(Tab.  3, Fig.  1). The six warmest years (9.9-
11.8°C), however, are exclusively found in 
the years starting from 2000, including five 
years since 2015. When comparing the aver-
age seasonal temperature values in these 
years, it was stated that in the coolest years 
spring and summer, and sometimes autumn 
and winter, were also very cold and cold (con-
stituting 25% lowest values in the long-term 

period; Tab.  3). In the case of the warmest 
years, temperatures in all the seasons almost 
always scored among the 40% top values 
in the long-term period. At the same time, 
among the 6  warmest years mentioned in 
each season, at least 2  years were among 
the 10% warmest.

The described temperature changes are 
reflected in the number of days characteristic  
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Figure 1. Average annual temperature [°C] in Kraków-Balice in the years 1961-2023 

Table 3. Average annual and seasonal air temperature [°C] in Katowice-Balice in the 10% of the coldest 
and warmest years in the period 1961-2023 (No. – number of the year from the coldest to the warmest 
in the analyzed period)

Year
Temperature [°C] and year number

year no. spring no. summer no. autumn no. winter no.

The coldest years

1980 6.6 1 5.4 1 16.0 5 7.6 12 -1.9 19

1965 6.7 2 6.0 3 15.9 3 6.9 1 -0.9 37

1996 6.8 3 6.9 8 17.2 23 8.6 30 -3.5 12

1985 6.8 4 8.4 29 16.4 8 7.0 4 -2.7 16

1969 6.9 5 7.0 9 16.7 11 9.0 40 -5.3 4

1987 7.0 6 5.7 2 17.0 20 9.3 47 0.9 52

The warmest years

2000 9.9 58 10.5 63 17.8 32 10.6 62 0.3 45

2020 10.0 59 8.6 37 19.2 53 10.0 56 -0.5 40

2015 10.1 60 8.9 42 19.9 61 9.4 50 1.9 60

2018 10.1 61 10.5 62 19.8 59 10.2 57 0.8 48

2019 10.5 62 9.6 53 20.6 63 10.3 59 2.6 62

2023 11.8 63 8.7 39 19.4 55 11.3 63 – –
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in terms of thermal conditions, including 
warm (Tmax > 25°C), hot (Tmax > 30°C), frosty 
(Tmax < 0°C) and severe frosty (Tmin < -10 °C) 
days. As in other regions of Europe, the num-
ber of days characterized by high-tempera-
ture values increases significantly, and the 
number of cold days decreases. In Kraków, 
in 1961-2023, the highest average and maxi-
mum number of warm and hot days occurred 
in the summer months (Tab. 4). In the case 
of warm days, it was, on average, 13.8 days 
in July and 12.6 in August, while in the case 
of hot days, 2.8 in July and 2.7 in August. 
Since the 1990s, there have been years in 
which even over 20  warm and over 10  hot 
days were recorded in the summer months 
(including 27 warm days in August 1992 and 
June 2019 and 17 hot days in July 2006 and 
15 days in August 2015). The annual number 
of days described increased by 5.19  days/
decade in the case of warm days and 1.74 in 
the case of hot days. This increase in the sum-
mer months ranged by 1.14-1.78 and 0.38-
0.69 days/decade, respectively (Tab. 4). The 

decrease in the annual number of frosty and 
severe frosty days amounted to -3.55 and 
-2.60 days/decade and was noticeable since 
the end of the 1990s, and extremely few 
such days occurred after 2010. The largest 
changes occurred in December and January, 
ranging in the case of frosty days from -0.95 
to -1.11 and severe frosty days from -0.68 to 
-1.21 days/decade respectively.

Seasonal and long-term 
changes in air mass occurrence 
in southern Poland

In the period 1951-2023, the region analysed, 
as the whole of Poland (Więcław, 2010; Bar-
toszek & Kaszewski, 2022), was dominated by 
polar air masses which constituted 78.6% of 
all cases on average, including 57.9% mari-
time-type masses (Tab. 5). The inflow of Arc-
tic masses from the northern sector (7.7% on 
average during the year) and tropical air from 
the southern directions (3.2%) was recorded 
much less frequently. There was also a  sig-

Table 4. Average and maximum number of warm (Tmax > 25°C), hot (Tmax > 30°C), frosty (Tmax < 0°C) 
and severe frosty (Tmin < -10°C) days and the tendency [days/10 years] of their changes in Kraków-Balice 
in the years 1961-2023 

Days I II III IV V VI VII VIII IX X XI XII Year

Average number of days

Warm – – – 0.8 3.8 9.2 13.8 12.6 3.4 0.3 – – 43.8

Hot – – – – 0.2 1.3 2.8 2.7 0.1 – – – 7.2

Frosty 12.1 7.8 2.5 0.0 – – – – – 0.0 2.3 9.0 33.7

Severe frosty 7.1 4.0 1.1 – – – – – – – 0.5 4.1 16.8

Maximum numer of days

Warm – – – 6 11 27 26 27 13 2 – – 86

Hot – – – – 4 8 17 15 2 – – – 30

Frosty 28 27 13 1 – – – – – 1 16 29 74

Severe frosty 25 17 12 – – – – – – – 5 15 52

Tendency [day/10 years]

Warm – – – 0.00 0.32 1.14 1.78 1.69 0.29 -0.02 – – 5.19

Hot – – – – 0.03 0.38 0.69 0.62 0.02 – – – 1.74

Frosty -1.11 -0.77 -0.51 0.01 – – – – – -0.01 -0.21 -0.95 -3.55

Severe frosty -1.21 -0.48 -0.14 – – – – – – – -0.09 -0.68 -2.60

statistically significant values at the 0.05 level are bolded; “–“ – days did not occur
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nificant percentage of days on which several 
types of air masses occurred over the study 
area (10.5% per year on average), which is 
related to the high frequency of low-pressure 
systems, with accompanying weather fronts, 
moving over Central Europe. The abovemen-
tioned shares of specific types of air masses 
during the seasons usually changed slightly. 
The exception was summer and, additionally, 
in the case of Arctic air (A) spring, and in the 
case of tropical air masses (T) winter (Fig. 2).

When analysing changes in the occur-
rence of particular air masses during a year, 
it was found that the smallest changes in 
their monthly frequency occur in the case 
of old polar maritime air (omP), polar-conti-
nental (cP), and various air masses (vAm). 
The range of the monthly values of a  given 
air mass frequency was 6.7-9.0%, 6.2-10.9%, 
and 7.3-9.8% of all cases respectively (Fig. 2). 
A much greater variation is observed within 
the remaining air masses frequencies. Polar 
maritime warm air (wmP) and Arctic air (A) 
most frequently flows in during the cool sea-
son, with a peak in October for wmP and in 
April for A. Over the year, their frequency 
changed within the range of 4.4-13.8% and 
1.9-15.1% respectively. In turn, with regards 
to polar maritime (mP) and tropical (T) air 
masses, there was a clear maximum in their 
frequency in the summer, with peak in July 

and August respectively, and with their inflow 
fluctuating within the range 5.7-14.0% (mP) 
and 2.0-16.5% (T). 

The long-term trends in annual and sea-
sonal frequency of occurrences of particular 
air masses indicates quite clear changes 
(Tab. 5, Fig.  3), which concern primarily the 
occurrence of polar air masses flowing from 
the Atlantic (mP, omP, wmP) and polar conti-
nental air masses (cP) from Asia. In the first 
case, in the years 1961-2023 a decrease in 
the occurrence of mP by -0.50% per decade 
and of omP by -1.15% per decade was record-
ed, along with an increased frequency of 
wmP by 1.05% per 10 years (this corresponds 
to changes of -1.82, -4.19, and 3.85  days/
decade respectively). In recent decades, cP 
air was also rarer, with changes of -0.81% 
(-2.97 days) per 10 years. There is also a dis-
tinct increase in the frequency of various air 
masses (vAm) moving over the study region 
(by 1.43% or 4.51 days per 10 years), as well 
as changes in the frequency of tropical air 
(T) involving increases in the summer and 
decreases in the remaining seasons (Tab. 5). 
It is also worth noting that the changes are 
statistically significant, and often concern 
not only annual values, but also several (in 
the case of mP and omP masses) or all of the 
seasons in a year (in the case of wmP, T and 
vAm masses; Tab. 5).

Table 5. Average seasonal frequency [%] and tendency [%/10  years] of changes in the frequency 
of  types of air masses occurrence in southern Poland in the years 1951-2023 

Type of air 
mass

Frequency [%] of air masses Tendency [%/10 years]

spring summer autumn winter year spring summer autumn winter year

A 11.5 2.6 8.0 8.8 7.7 0.11 -0.31 0.09 0.52 0.11

mP 13.9 25.3 16.3 13.7 17.3 0.08 -0.42 -0.93 -0.73 -0.50

wmP 8.0 4.9 11.9 10.4 8.8 1.13 0.89 1.40 0.89 1.05

omP 30.3 34.3 30.5 32.0 31.9 1.13 0.89 1.40 0.89 -1.15

cP 22.7 17.6 20.0 22.4 20.7 -0.92 -0.63 0.07 -1.90 -0.81

T 3.3 5.7 3.0 0.9 3.2 -0.74 1.00 -0.48 -0.37 -0.15

vAm 10.4 9.6 10.4 11.6 10.5 1.33 1.07 1.30 1.96 1.43

Sum 100.0 100.0 100.0 100.0 100.0 - - - - -

statistically significant values at the 0.05 level are bolded
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Figure 2. Annual course of the 
frequency [%] of selected types of air 
masses occurrence in southern Poland 
in the years 1951-2023, including the 
division into cyclonic and anticyclonic 
circulation types 
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Figure 3. Frequency [%] of particular types of air masses occurrence in southern Poland in the years 
1951-2023 
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Seasonal and long-term changes 
of directions of air masses 
advection in southern Poland

The air mass types analysed are related to 
specific pressure systems and directions of 
advection. The maritime variation of polar air 
(mP, omP, wmP) prevailing in Poland is asso-
ciated with low-pressure and high-pressure 
systems with similar frequency (Fig. 2, Tab. 6). 
The latter much more frequently involve Arc-
tic air masses (A – approximately 61% of all 
cases) and polar-continental air (cP – approxi-
mately 84%), whereas the advection of tropi-
cal air usually accompanies the movement 
of low-pressure systems across Poland with 
a related weather front system (T – approxi-
mately 63%). What is also important is the 
direction of advection of a  given air mass. 
This is clearly visible in Central Europe where 
all the major types of air mass where col-
lide. and it is precisely Poland’s location at 
the heart of the continent that determines 
the “transitional” nature of its climate. In the 
period under consideration, the air masses 
are characterised by a  rather clear inflow 
direction, usually covering a sector of approxi-
mately 90° range. In the case of polar mari-
time air, advection was predominantly from 
the western sector. However, in the case of 
the following air masses:

•	 mP – in as much as 68.1% cases, these 
were air masses inflowing from the West 
(W) and North-West (NW),

•	 omP – most frequently these arrived from 
the West (W) and South-West (SW) (26.0% 
in total), and when Poland was covered by 
a high-pressure wedge (Ka – 13.5%) and 
a cyclonic trough (Bc – 11.4%),

•	 wmP – air advection prevailed from the 
South (S), South-West (SW), and West (W), 
constituting 75.6% of all cases in total 
(Fig. 4, Tab. 6). 
Arctic (A) and tropical (T) air arrived from 

a very clearly marked sector: northern (NW-
NE; 65.2% of cases) and southern (SW-SE; 
68.0%) respectively, whereas 54.3% of polar-
continental (cP) air arrived from the S-E sector 
and as much as 17.6% during the occurrence 
of a high-pressure wedge (Ka). 

The abovementioned regularities of flow 
direction change during the year. The larg-
est directional changes are mainly concerned 
with the magnitude of the air masses’ advec-
tion frequency from particular directions. In 
most cases, it is impossible to identify signifi-
cant long-term changes in the frequency of 
advections of the air masses from particular 
directions. Major changes (statistically signifi-
cant at the p < 0.05 level or lower) include:
•	 A  decrease in the frequency of cP air 

inflowing from the East (E; by 1.3 days/dec-
ade with mean annual number of days of 
approximately 73) and from the South (S; 

Table 6. Frequency [%] of the directions of particular air masses types advection in southern Poland in 
the years 1951-2023, taking into account non-advection cases and division into cyclonic (C) and anticy-
clonic (A) types

Type of air 
mass

Frequency [%] of air masses

N NE E SE S SW W NW Ca Ka Cc Bc X sum A C

A 26.3 12.9 6.8 2.0 0.8 0.6 6.6 26.0 3.9 9.8 0.7 2.6 1.0 100.0 60.9 38.1

mP 9.4 2.6 0.6 0.2 0.6 2.1 38.3 29.8 2.1 5.1 0.9 6.6 1.7 100.0 42.3 56.0

wmP 0.5 0.2 1.1 4.0 14.0 31.7 29.9 5.5 1.8 4.6 0.3 5.8 0.6 100.0 47.2 52.2

omP 6.3 7.5 7.6 5.4 6.7 10.1 15.9 6.2 4.0 13.5 2.0 11.4 3.4 100.0 48.4 48.2

cP 1.9 7.7 19.9 21.5 12.9 6.8 2.4 1.0 5.3 17.6 0.3 1.5 1.2 100.0 83.6 15.2

T 0.1 0.1 1.7 8.7 32.0 28.3 7.3 0.2 0.8 7.1 1.7 11.0 0.9 100.0 36.0 63.1

vAm 3.3 2.6 1.0 1.3 3.3 9.0 25.7 10.4 0.4 2.2 2.4 35.3 3.0 100.0 16.2 80.8
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Figure 4. Frequency [%] of the directions of selected types of air masses inflow in southern Poland in the 
years 1951-2023
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by 2.0 days/decade), as well as an increase 
during Ka situations (by 1.3 days/decade),

•	 A decrease in the frequency, by 1.2 days/
decade, of mP air inflowing from the West 
(with an average annual frequency of 
about 62 days) and by 1.6 and 1.0 days/
decade of omP air from the South and 
West respectively (with an average of ca. 
113 days),

•	 An increase in the frequency, by 2.6 days 
per 10 years, of wmP air inflowing from the 
South-West (with an average of approxi-
mately 33 days per year).
It is also noted that the frequency of air 

masses associated with the low-pressure 
systems decreased by 0.9 days/decade for T 
air, by 2.4 days/decade for cP air masses, by 
2.7 days/ decade for mP air, and by 3.4 days/ 
decade for omP air masses, whereas for 
wmP air masses, it increased by 1.6  days/ 
decade. Anticyclonic situations are slightly 
more frequently accompanied by advection 
of wmP (by 2.1  days/decade) and A  air (by 
0.8 days/decade). 

Seasonal changes in the 
temperature of air masses 
in southern Poland

It is common knowledge that advection of 
the air mass types significantly affects the 
air temperature. Of greatest impact are the 
Arctic (A), tropical (T), and polar-maritime 
warm (wmP) air masses (Fig.  5). In the first 
case, the mean monthly temperature of days 
with this air mass in Krakow was lower than 
the mean monthly temperature for the entire 
period which was calculated without distin-
guishing between specific air masses from 
-2.7°C in December to  -4.7°C in July. During 
advection of tropical (T) and polar-maritime 
warm (wmP) air, the mean monthly tempera-
ture values were higher. In both cases (T and 
wmP), the largest differences were recorded 
in winter and early spring (reaching up to 
6.9°C in February and 4.7°C in January, 
respectively). Polar-maritime fresh and old 
(mP and omP) air masses increased the tem-
perature in the cold and decreased it in the 

warm seasons of the year, but their impact 
was much weaker (particularly of omP) and 
did not exceed the average temperature 
increase by 3.8°C and 1.0°C in January, and 
its decrease by 2.0°C and 0.5°C in August 
for mP and omP respectively. Polar-continen-
tal (cP) air most affected air temperature in 
the cold half of the year (in January, it was 
lower by 5.1°C when compared to the mean 
from all days in the analysed period). In the 
warmest months, its impact was slightly 
lower than that of wmP and was less than 
half that of T (in July reaching values that are 
higher by 2.1°C than average) (Fig. 5). 

Long-term changes in the 
temperature of air masses 
in southern Poland

The analysis also included an assessment of 
long-term temperature changes in specific 
air masses. On this basis, it was concluded 
that the average annual temperature val-
ues did not show significant changes in the 
case of Arctic (A) and polar-continental (cP) 
air (Fig. 6). In the case of other types of air 
mass, the temperature values increased 
from 0.18°C/decade for polar-maritime 
old (omP) to 1.44°C/decade for tropical air 
masses (T). Temperature changes of indi-
vidual air masses also occurred in particu-
lar months. This most frequently occurred 
in the summer and winter months and least 
frequently in the spring and autumn (Tab. 7). 
Most frequently, these changes ranged 
from 0.25°C/10  years to 0.49°C/10  years, 
although in the case of Arctic and tropical 
air masses, in some months, they were much 
higher and even exceeded 1°C/10  years 
(1.16°C/10  years in April in the case of 
tropical air masses). However, it should be 
remembered that the annual number of 
days with individual air masses and the fre-
quency of their occurrence during the year 
were subject to changes. For this reason, the 
described changes should be treated with 
some caution and interpreted as a  signal 
of changes in the direction and value of the 
temperature increase of a  given air mass. 
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Figure 5. Average monthly air 
temperature [°C] in Kraków-Balice 
and in selected types of air masses 
in southern Poland in the years 1961-
2023
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Figure 6. The lowest daily minimum, 
average daily and the highest daily 
maximum temperature [°C] and 
number of days with the selected types 
of air masses in Kraków-Balice in the 
years 1961-2023
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This applies in particular to annual values 
and changes concerning rarely occur-
ring air masses, such as tropical or Arctic  
air masses.

The next step involved verification wheth-
er the observed temperature increase in 
particular air masses was associated with 
a small number of days with extremely high 
temperatures or rather a  greater number 
of warmer days, although not necessarily 
extremely hot. For this purpose, the values 
of the 50th, 70th and 90th percentile of 
daily mean and extreme temperature values 
in Kraków-Balice were calculated for each 
month and for entire multi-year period. From 
this it was noted that the greatest changes 
are found in polar-maritime warm (wmP) air 
masses, which were present on approximate-
ly 33 days on average per year. In the case 
of this air mass, an increase in the number 
of days was recorded for all three thermal 
thresholds, and for the minimum, mean and 

maximum daily temperature values (Tab.  8, 
Fig.  7). For mean daily values, the changes 
were 4.93  days/decade (≥ 50th percen-
tile), 4.28  days/decade (≥ 75th percentile), 
and 2.71  days/decade (≥ 90th percentile) 
respectively, while for the maximum daily 
temperature values they reached 5.14, 5.32, 
and 3.07 days/decade respectively. A similar 
increase was also recorded in the case of 
many monthly values, although it very rarely 
exceeded 0.50  days/decade. Such changes 
were much smaller in polar-maritime fresh 
and transformed (mP and omP) air mass-
es, and they almost exclusively concerned 
mean daily temperature values. These were 
1.24, 1.09, and 0.32  days/decade respec-
tively for mP air masses and 2.20, 2.56, and 
1.49  days/decade respectively for omP air 
masses. It is also worth mentioning the tem-
perature of the increasingly frequent Arctic 
air masses (A), which exceeds the 50th per-
centile. This concerned the maximum, mean 

Table 7. Trends [°C/10 years] in average daily temperature in Kraków-Balice and in particular types 
of  air masses in the years 1961-2023 

Months
Year

I II III IV V VI VII VIII IX X XI XII

A

0.92 0.99 0.15 -0.03 0.47 0.29 0.16 0.48 0.28 0.05 0.40 0.56 0.00

mP

0.38 0.26 0.14 0.09 0.22 0.40 0.40 0.34 0.29 0.17 0.31 0.29 0.38

wmP

0.39 0.44 0.26 0.52 0.29 0.39 0.37 0.43 0.29 0.20 0.35 0.44 0.38

omP

0.21 0.42 0.20 0.18 0.19 0.30 0.49 0.45 0.21 0.17 0.18 0.21 0.18

cP

0.28 0.10 0.46 0.21 0.27 0.21 0.37 0.33 -0.02 -0.33 0.05 0.22 0.43

T

0.60 0.50 0.60 1.16 0.83 0.76 0.77 0.48 0.86 0.25 0.04 -1.02 1.44

Kraków-Balice

0.59 0.47 0.36 0.24 0.25 0.46 0.52 0.53 0.23 0.20 0.21 0.45 0.40

statistically significant values at the 0.05 level are bolded
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Figure 7. Annual number of days with average daily temperature ≥ 50th, 75th and 90th percentile of 
temperature in Kraków-Balice in particular type of air masses in the years 1961-2023
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and minimum daily temperature values, and 
the changes in the number of days with such 
temperature were 0.41, 0.48, and 0.73 days/
decade respectively. In the case of tropical  
air masses (T), the changes mainly concerned 
the summer months when the air occurs 
most frequently, and ranged from 0.41 to 
0.68 days/decade. An exception was provided 
by the increase in the annual number of days 

with a  temperature greater or equal to the 
90th percentile, visible in the case of the low-
est and the highest daily temperature values 
and which was 0.83 and 0.6 days/decade.

It was also verify whether, in the previously 
mentioned 6 extremely warm and cold years, 
any clear changes in the circulation can be 
observed. For this purpose, the frequency of 
occurrence of particular air mass types in 

Table 8A. Trends [days/10 years] of changes in number of days with temperature ≥ 50th percentile 
of temperature in Kraków-Balice in particular type of air masses in the years 1961-2023

Temperature
≥ 50th percentile

I II III IV V VI VII VIII IX X XI XII year

A

Daily minimum 0.28 0.18 0.02 -0.01 0.17 0.11 0.00 0.03 0.04 -0.03 0.16 0.14 0.73

Average daily 0.18 0.16 -0.01 0.01 0.02 -0.02 -0.03 0.04 0.06 0.03 0.02 0.16 0.48

Daily maximum 0.12 0.14 0.00 -0.03 0.03 0.01 -0.03 -0.04 0.02 0.04 0.06 0.19 0.41

mP

Daily minimum 0.20 -0.05 -0.07 0.13 0.18 0.22 0.54 0.44 0.18 0.10 -0.11 -0.15 1.83

Average daily 0.23 -0.07 0.10 0.08 0.13 0.16 0.37 0.22 0.09 0.06 -0.14 -0.16 1.24

Daily maximum 0.24 0.00 0.21 0.11 0.10 0.18 0.28 0.14 0.11 0.19 -0.12 -0.17 1.36

wmP

Daily minimum 0.15 0.15 0.00 0.32 0.18 0.28 0.63 0.04 0.25 0.32 0.34 0.06 3.68

Average daily 0.17 0.27 0.26 0.41 0.27 0.22 0.58 0.08 0.24 0.50 0.60 0.08 4.93

Daily maximum 0.23 0.30 0.30 0.44 0.34 0.18 0.59 0.03 0.27 0.60 0.61 0.11 5.14

omP

Daily minimum 0.14 0.05 -0.11 0.08 0.22 0.50 0.65 0.15 0.29 0.20 -0.07 0.10 2.20

Average daily 0.05 0.18 0.19 0.21 0.06 0.47 0.64 0.41 0.17 0.02 0.00 0.29 2.68

Daily maximum 0.12 0.19 0.08 0.11 -0.15 0.13 0.55 0.26 -0.03 -0.33 -0.02 0.44 1.35

cP

Daily minimum 0.08 -0.32 -0.12 0.17 0.08 -0.31 0.04 0.37 -0.07 -0.19 0.17 0.16 -0.19

Average daily 0.04 -0.17 0.38 0.70 0.27 -0.25 -0.03 0.48 0.05 -0.11 0.19 -0.02 0.93

Daily maximum -0.05 -0.15 0.39 0.70 0.39 -0.23 -0.08 0.23 0.07 -0.12 0.09 -0.04 0.65

T

Daily minimum 0.19 -1.11 -0.20 0.13 -0.06 0.63 0.41 0.59 -0.16 -0.30 -0.61 -0.18 0.29

Average daily 0.14 -1.11 -0.10 0.08 -0.08 0.64 0.33 0.51 -0.18 -0.26 -0.48 -0.04 0.23

Daily maximum 0.14 -1.11 -0.10 0.09 -0.05 0.61 0.31 0.48 -0.23 -0.20 -0.43 0.02 0.23

0.66 / -0.55 – statistically significant values at the 0.05 level
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extremely warm or cold years was compared 
with mean frequency over the long term. On 
this basis, it was stated that a clear pattern 
determining the share of particular air masses  
in the abovementioned years is difficult to 
identify (Tab. 9). Usually, however, fewer days 
with polar-maritime warm and old air (wmP 
and omP) and sometimes with polar-conti-
nental air (cP) were recorded in the coldest 

years. In the warmest years, days with polar-
maritime warm (wmP) air usually were more 
frequent. In contrast, the advection of mass-
es with polar-maritime old and continental 
air (omP and cP) was sometimes recorded 
less frequently. 

Table 8B. Trends [days/10 years] of changes in number of days with temperature ≥ 75th percentile of 
temperature in Kraków-Balice in particular type of air masses in the years 1961-2023

Temperature
≥ 75th percentile

I II III IV V VI VII VIII IX X XI XII year

A

Daily minimum 0.06 0.08 -0.01 0.00 0.01 0.02 0.00 0.00 0.04 -0.03 0.03 0.08 0.20

Average daily 0.03 0.03 -0.05 0.01 0.00 -0.01 0.00 0.00 0.00 -0.02 0.03 0.04 0.04

Daily maximum 0.05 0.03 -0.07 0.01 0.00 -0.02 0.00 0.00 0.00 0.00 0.04 0.02 0.05

mP

Daily minimum 0.37 -0.02 0.01 0.05 0.10 0.05 0.36 0.27 0.17 0.16 0.01 -0.07 1.53

Average daily 0.28 0.12 0.11 0.01 0.06 0.08 0.10 0.11 0.10 0.04 -0.01 0.07 1.09

Daily maximum 0.20 0.19 0.02 -0.03 0.04 0.03 0.04 0.00 0.03 0.06 -0.02 0.05 0.61

wmP

Daily minimum 0.22 0.05 0.11 0.16 0.00 0.22 0.49 0.20 0.17 0.11 0.27 0.12 2.49

Average daily 0.26 0.36 0.21 0.46 0.29 0.17 0.76 0.15 0.19 0.42 0.40 0.29 4.28

Daily maximum 0.42 0.49 0.40 0.52 0.35 0.19 0.66 0.14 0.28 0.59 0.56 0.48 5.32

omP

Daily minimum 0.08 0.08 0.16 0.19 0.21 0.42 0.52 0.34 0.23 0.11 0.05 0.16 2.56

Average daily 0.13 0.20 0.08 0.13 -0.04 0.23 0.42 0.24 0.20 0.07 -0.08 0.27 1.84

Daily maximum 0.02 0.15 0.00 0.11 0.00 0.15 0.29 0.14 -0.01 -0.16 -0.06 0.17 0.78

cP

Daily minimum 0.06 -0.16 0.03 -0.02 0.14 -0.08 0.14 0.36 0.08 -0.06 0.08 -0.01 0.35

Average daily -0.01 -0.04 0.15 0.32 0.17 -0.01 0.25 0.49 -0.03 -0.09 -0.02 -0.01 0.78

Daily maximum -0.03 0.01 0.24 0.37 0.21 0.04 0.17 0.37 0.08 -0.07 0.01 0.02 0.99

T

Daily minimum 0.05 -0.74 0.05 0.37 0.13 0.68 0.40 0.63 -0.07 -0.25 -0.56 -0.20 0.75

Average daily 0.21 -0.93 -0.04 0.19 0.16 0.68 0.43 0.60 -0.08 -0.16 -0.37 -0.16 0.77

Daily maximum 0.25 -0.93 -0.04 0.17 0.09 0.64 0.40 0.52 -0.06 -0.01 -0.19 -0.08 0.81

0.66 / -0.55 – statistically significant values at the 0.05 level
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Discussion and conclusion

In the study, using the example of air tempera-
ture measured at the Kraków-Balice station 
in the period 1961-2023 and the information 
regarding types of atmospheric circulation 
and air masses, thermal changes in air masses 
occurring in southern Poland were assessed.

On this basis, it was stated that in the 
analysed period at the Kraków-Balice station, 
mean annual air temperature was 8.5°C and 
the increase in its annual value was 0.40°C/
decade. The temperature increase concerned 
all seasons and most months, but it was 
approximately twice smaller in the transitional  
seasons than in winter and summer. It is 
worth pointing out that the strong tempera-

Table 8C. Trends [days/10 years] of changes in number of days with temperature ≥ 90th percentile 
of temperature in Kraków-Balice in particular type of air masses in the years 1961-2023

Temperature
≥ 90th percentile

I II III IV V VI VII VIII IX X XI XII year

A

Daily minimum 0.01 0.01 -0.04 0.01 -0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.00

Average daily 0.01 0.01 -0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.02

Daily maximum 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

mP

Daily minimum 0.17 0.08 0.08 0.04 0.06 0.04 0.15 0.15 0.17 0.02 -0.05 -0.04 0.88

Average daily 0.23 0.10 0.01 -0.02 0.00 0.03 0.01 0.00 0.03 0.04 -0.05 -0.06 0.32

Daily maximum 0.13 0.07 -0.02 0.00 0.01 -0.01 -0.01 0.00 0.02 -0.01 -0.03 0.02 0.19

wmP

Daily minimum 0.13 0.09 0.09 0.07 0.06 0.24 0.31 0.06 0.06 0.06 0.13 0.20 1.51

Average daily 0.19 0.24 0.25 0.29 0.15 0.10 0.40 0.01 0.25 0.25 0.25 0.32 2.71

Daily maximum 0.33 0.35 0.30 0.25 0.18 0.08 0.30 0.05 0.21 0.35 0.30 0.39 3.09

omP

Daily minimum 0.13 0.14 0.04 0.06 0.11 0.24 0.30 0.21 0.12 0.12 -0.08 0.10 1.49

Average daily 0.04 0.07 0.03 0.12 0.02 0.04 0.11 0.00 0.04 -0.03 -0.02 0.02 0.44

Daily maximum 0.01 0.01 -0.02 0.08 -0.02 -0.04 0.04 0.01 -0.06 -0.04 -0.01 0.02 0.00

cP

Daily minimum 0.02 0.00 0.01 -0.03 0.18 0.05 -0.01 0.20 0.07 0.03 0.01 -0.01 0.39

Average daily 0.00 -0.02 -0.05 -0.02 0.19 0.02 0.18 0.20 0.13 -0.02 -0.02 0.00 0.41

Daily maximum 0.00 0.01 0.04 0.07 0.14 -0.05 -0.02 0.13 0.08 -0.02 -0.04 0.00 0.21

T

Daily minimum 0.06 -0.56 0.00 0.34 0.16 0.49 0.30 0.50 0.06 -0.12 -0.35 -0.09 0.83

Average daily 0.00 -0.74 -0.01 0.29 0.33 0.56 0.48 0.50 -0.01 -0.20 -0.48 -0.08 0.80

Daily maximum 0.00 -0.74 -0.12 0.28 0.29 0.54 0.47 0.42 0.01 0.10 -0.04 -0.14 0.96

0.66 / -0.55 – statistically significant values at the 0.05 level
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ture increase also concerned daily extreme 
values, particularly values of 1  percentile 
of daily minimum temperature (0.92°C/dec-
ade). The changes confirm the general pat-
terns observed worldwide (IPCC, 2021) and 
in Poland (Ustrnul et al., 2021; Marosz et al., 
2023), as well as the fact that, similar to the 
situation across Europe, they are significantly 
higher than on other continents (WMO, 2022).

The location of the area investigated 
means that, as in other Central European 
regions (Więcław, 2010), polar air masses 
are predominant, particularly those flowing 
from over the Atlantic Ocean. However, Arc-
tic and tropical air masses are particularly 
rare, and their occurrence changes most 
during the year. The research has confirmed 
the results of prior studies on the long-term 
variability of air masses over the study area 
(Bielec-Bąkowska, 2022) and also in other 
regions of Poland (Bartoszek & Kaszewski, 

2022). It indicates a  clear decrease in the 
frequency of polar-continental (cP), polar-
maritime fresh and transformed air (mP and 
omP), as well as an increase in polar-mari-
time warm air (wmP) and the number of days 
with various air masses (vAm). In the latter 
case, this is confirmed by a higher frequency 
of cold weather fronts and various fronts (in 
one day) from the mid-1970s until the end of 
the period analysed (Bielec-Bąkowska, 2022) 
which, in the period 1951-2023, constituted 
approximately 42% and 28% of all days with 
vAm respectively. Arctic air (A) was slightly 
more frequent over the study area from the 
1970s until the end of the 20th century, but 
the frequency has decreased again in recent 
decades. The increase can partly be related 
to the increased occurrence of strong anti-
cyclonic systems at the time (Bielec-Bąkow-
ska & Piotrowicz, 2021). Changes in the fre-
quency of occurrence of tropical air masses 

Table 9. The frequency [%] of particular types of air masses occurrence in southern Poland in the coldest 

and warmest years in the period 1961-2023 

Year
The frequency [%]

A mP wmP omP cP cP vAm

The coldest years

1980 8.2 13.4 4.6 40.2 19.1 0.0 14.5

1965 8.8 19.7 0.8 29.9 23.8 9.6 7.4

1996 9.8 13.1 4.4 30.9 28.7 5.7 7.4

1985 7.7 23.8 5.5 28.5 21.6 0.0 12.9

1969 5.2 15.6 5.5 25.2 35.9 6.0 6.6

1987 7.4 15.3 6.0 22.7 20.5 2.5 25.5

The entire period

The highest 16.4 35.9 29.0 20.8 43.3 10.1 26.0

Average 8.0 20.1 16.9 9.1 31.0 3.1 11.9

The lowest 2.5 8.8 10.4 0.8 18.4 0.0 4.1

The warmest years

2000 12.0 17.8 10.7 27.6 13.1 9.3 9.6

2020 4.9 18.3 20.8 29.2 11.7 0.0 15.0

2015 5.2 18.4 15.9 29.0 17.8 4.9 8.8

2018 4.4 12.6 13.2 28.8 25.5 3.0 12.6

2019 9.3 15.3 17.5 25.2 10.1 6.8 15.6

2023 8.5 16.4 13.7 18.4 21.4 2.7 18.9
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are interesting as they point to a  clear 
increase in their frequency in the summer, 
with a decrease in the other seasons. This, in 
turn, may result from an increased frequency 
of cyclonic situations and air flowing from 
a  southerly direction, which is very often 
associated with this circulation type and 
involves incoming tropical air (Niedźwiedź & 
Ustrnul, 2021; Bielec-Bąkowska, 2022).

An important aspect here is the direction 
of advection of particular air masses, which 
determines not only their thermal properties, 
but also the ones related to moisture. In the 
study area, the prevailing directions of air 
mass inflow are clearly limited to a rather nar-
row sector, although general patterns slightly 
change throughout the year. It is thus worth 
noting a decrease in advections from the East, 
South-East, and West occurring in this part of 
Europe, as well as an increased frequency of 
advection from southerly directions (Niedź-
wiedź & Ustrnul, 2021; Bielec-Bąkowska, 2022; 
Herrera-Lormendez et al., 2022) which has 
been reflected in the changes in the frequen-
cy of directions of inflowing air masses. The 
largest of them concern cP masses (decrease 
in the frequency of advections from the East 
and South), mP, and omP (decrease in the 
frequency of advections from the West and 
South), as well as an increase in the frequency 
of inflowing wmP air masses from the South- 
-West and during cyclonic situations. 

The impact of the air masses investigat-
ed on air temperature changed both in the 
long-term and annually. The greatest impact 
on temperature change in a  given period 
was observed for the advection of Arctic (A) 
and tropical air masses (T), but also for the 
increasingly more frequent polar-maritime 
warm air (wmP). In the two earlier cases, 
a clear increase in the difference between the 
mean temperature in Kraków and the tem-
perature characteristics of a given air mass 
started from the 1990s, and was particularly 
large for tropical air masses (T). The conse-
quence was a strong increase in the average 
temperature of such air masses, reaching 
1.44°C/decade, with a temperature increase 
in polar-maritime air of up to 0.38°C/decade 

and no major changes to continental and Arc-
tic air. Considering the clear increase in the 
frequency of occurrence of warm air masses 
in Europe, including of dry ones, and the 
decrease in frequency of cold masses (Lee, 
2020; Petrou et al., 2022), one should expect 
air temperature to continue growing in the 
study area, particularly in the summer and 
winter. This is also confirmed by the observed 
increase in the frequency of warm and excep-
tionally warm days (with temperature ≥ 50th, 
75th or 90th percentile of all values), the num-
ber of which increases most in polar-marine 
air masses, primarily warm (wmP) and tropi-
cal (T) air masses. However, it is also worth 
paying attention to the more frequent occur-
rence of warm days (temperatures ≥  50th 
percentile of all values) in Arctic air masses 
(A), which, in the absence of changes in the 
frequency of this type of air masses, may indi-
cate a further increase in the temperature of 
the cold season.

Despite a  clear increase in air tempera-
ture in the study region, thermal conditions 
of particular years, seasons, or months may 
differ significantly. This is due to the very high 
variability and unpredictability of circulation 
conditions in the region investigated (Bielec-
-Bąkowska & Twardosz, 2023). The research 
has also confirmed that it is difficult to clearly 
identify a  frequency pattern of particular 
types of air mass in the warmest or coldest 
years. However, it turned out that the great-
est influence on the thermal characteristics 
of a  given period had the air masses wmP, 
omP and cP. This also confirms the results of 
previous studies, which indicated that chang-
es in climatic conditions are not necessarily 
directly related to changes in the frequency 
of occurrence of particular types of circula-
tion, but rather to changes in the thermal and 
moisture characteristics of the associated 
air masses (Brunner et al., 2017; Bartoszek  
& Matuszko, 2021).

Editors‘ note:
Unless otherwise stated, the sources of tables and 
figures are the author's, on the basis of their own 
research.
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