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VARIABILITY OF SELECTED EXTREME METEOROLOGICAL EVENTS IN POLAND

EWA ŁUPIKASZA, ZUZANNA BIELEC-BĄKOWSKA, MAŁGORZATA FALARZ
Department of Climatology, Faculty of Earth Sciences, University of Silesia,

Będzińska 60, 41-200 Sosnowiec, Poland
E-mails: ewa.lupikasza@us.edu.pl; zuzanna.bakowska-bielec@us.edu.pl; malgorzata.falarz@us.edu.pl

Abstract: The principal aim of this paper is to analyze the trends of the multi-annual course of the se-
lected characteristics of extreme precipitation, snow cover and atmospheric thunderstorms in the second 
half of the twentieth century in Poland. The results of these investigations show that in Poland it is only 
possible to determine a weak decreasing trend of extreme precipitation events in the S and especially in 
the SW part of the country. In northern Poland, opposite, although similarly weak, trends have also been 
observed. It is assumed that the most essential features of long-term changeability of extreme precipita-
tion include a higher than average number of days with extremely high precipitation during the 1960s 
and 1970s, a distinctly lower frequency of such days during the 1950s, 1980s and in the fi rst half of the 
1990s. In Poland it is possible to distinguish four broad homogenous areas in terms of the long-term 
changes in the occurrence of extreme precipitation events. There is considerable regional differentiation 
when it comes to the occurrence of thunderstorms in Poland, and their long-term changeability does not 
show any clear trends. Only three stations have determined a weak increase in the number of thunder-
storms during the last 120 years. In some stations, an increase in the number of days with thunderstorms 
during the winter seasons was also observed. There were no signifi cant trends in extreme snow cover 
in Poland. The periods that contained large and small areas of extreme snow cover thickness occurred 
alternately. Since the winter season 1987/88, the area of extremely thin snow cover has remained at a 
relatively high level.

 
Key words: Extreme precipitation, thunderstorm, extreme snow cover, trends, Poland

INTRODUCTION

When discussing the issue of the infl u-
ence of climate change on human living con-
ditions, the problems concerning the occur-
rence and intensity of extreme climatic phe-
nomena are often focussed upon. A special 
interest in extreme weather conditions arose 
due to their destructive infl uence on fi nancial 
as well as incorporeal goods. In the last few 
years, alarming reports on extreme climatic 
events have been reported in the mass media 
much more often than in any previous pe-
riod. These events have usually been linked 

to the intensifi cation of the greenhouse ef-
fect, which has resulted in global warming. 
Are we really witnessing climate change 
that is happening more rapidly than in any 
other period of the past? According to the 
most recent IV IPCC Report, eleven of the 
last twelve years (1995 -2006) rank among 
the twelve warmest years in the instrumental 
record of global surface temperature (since 
1850). The linear warming trend over the last 
50 years (0.13° C per decade) is nearly twice 
that of the last one hundred years. The to-
tal temperature increase from 1850-1899 to 
2001–2005 is 0.76° C. Therefore, the snow 
cover area has decreased on average in both 
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6 Ewa Łupikasza, Zuzanna Bielec-Bąkowska, Małgorzata Falarz

hemispheres; long-term trends from 1900 to 
2005 have been observed in the amount of 
precipitation over many large regions (IPCC 
2007). An answer to the above question, 
though diffi cult, seems to be much easier 
than an answer to the question concerning 
the drivers of climate change.

The results of the investigations that have 
been carried out to date show that in Poland 
there is a weak increasing trend of atmos-
pheric precipitation totals, although it is not 
statistically signifi cant (Kożuchowski 2004). 
Furthermore, a decreasing trend in the in-
tensity of atmospheric precipitation has also 
been determined (Kożuchowski 2004), along 
with an increase in the number of days with 
precipitation in Poland (Niedźwiedź 2000a; 
Kożuchowski, Żmudzka 2003). Similar re-
sults concerning precipitation were obtained 
by Wibig (2006). The author, basing his 
analysis on trends recorded at fi ve meteoro-
logical stations in Poland, also determined a 
decrease (which was not always statistically 
signifi cant) in the number of days with pre-
cipitation exceeding the 75th and 90th  per-
centile. The lack of statistically signifi cant 
trends, or their presence only at single sta-
tions in Poland, confi rm the investigations 
carried out on a larger spatial scale – that is, 
the whole of Europe (Klein-Tank et al. 2002; 
Klein-Tank and Können 2003). Other authors 
dealing with the problems of the occurrence 
of extreme precipitation in Poland include 
Kossowska-Cezak and Mrugała (1997), 
Cebulak (1992a, 1992b), Cebulak and Pyrc 
(2006), Kirschenstein (2006). Previous stud-
ies of extreme snow cover conditions have 
indicated a downward trend in the maximum 
snow cover depth in the southern part of Po-
land. However, the opposite tendency was 
observed in the north-eastern part of Poland 
(Falarz 2004). Moreover, a slightly negative, 
though usually statistically insignifi cant, 
trend was found for the characteristics of 
extremely abundant snow cover and the du-
ration of seasonal snow cover (Falarz 2004, 
2007). A contribution towards preventing the 
economic ravages of building disasters as a 
result of excessive snow depth was given by 
A. DeGaetano and D. Wilks (1999), who de-

scribed a method that could be used to pre-
dict extreme snow loads on roofs.

The results of investigations concern-
ing the occurrence of thunderstorms show 
their considerable spatial and time differ-
entiation in Poland and in other parts of 
the world (Bielec-Bąkowska 2002; Brazdil 
1998; Grabowska 2002; Kuleshov et al. 
2002; Nosova 1989). It appears that even 
in the case of regions in close proximity to 
one another, the frequency of thunderstorm 
occurrence can be strongly differentiated. 
Even greater regional differentiation can 
be observed for short periods which con-
tain a distinct increase or decrease in the 
number of thunderstorms (Changnon 1985, 
1988, 2001). In order to ascertain the rea-
son for these changes, it was necessary to 
investigate the infl uence of atmospheric 
circulation types or indices and the tracks 
of cyclone movements on the frequency of 
thunderstorms (Boryczka, Stopa-Boryczka 
2002; Changnon 1985; Nosova 1989).

Analysis of the variations and trends in  
extreme climatic events is crucial in order to 
forecast their further occurrence. The main 
aim of this work is to determine the general 
trends in the occurrence of extreme events 
concerning atmospheric precipitation, thun-
derstorm and snow conditions in Poland in 
the second half of the twentieth century.

METHODS AND DATA

Precipitation. Daily precipitation to-
tals for the period 1951-2000 at selected 
meteorological stations located in Poland 
were used in analyses of extreme precipita-
tion events (Fig. 1). Referring to the clas-
sifi cation of extreme meteorological and 
hydrological events in Central Europe 
(Niedźwiedź et al. 2006), an extreme event 
is defi ned as a daily precipitation total ex-
ceeding the value of the 90th percentile. The 
value of the 90th percentile was determined 
individually for each of the meteorological 
stations studied, based on daily precipita-
tion totals in the period 1961-1990, taking 
into account days with precipitation > 1 mm 
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7Variability of Selected Extreme Meteorological Events in Poland

(Klein-Tank et al. 2002). The following 
problems were investigated: 1) while using 
the Mann-Kendall method (the details of 
the theory can be found in Gilbert (1987)), 
the existence of general trends in the oc-
currence of extreme precipitation over the 
whole period (1951-2000) under analysis 
and in the 30-year moving periods were 
studied, 2) the long-term variability of the 
given indices was analysed based on their 
arithmetically averaged values for Poland, 
3) when applying cluster analysis of the 
k-means method, those regions of similar 
long-term variability in the number of days 
with extreme precipitation (>90th) percen-
tile were distinguished. 

Thunderstorms. The basis for the re-
search concerning the occurrence of thun-
derstorm events were meteorological obser-
vations from:

7 stations (Hel, Szczecin, Koszalin, - 
Poznań, Wrocław, Racibórz, Kraków) 
for the period 1885-2000; these con-
tained, with the exception of Kraków, 
some gaps of several years caused by the 
First and Second World Wars; 
56 meteorological stations for the period - 
1949-1998 (Fig. 1). 

A day with a thunderstorm, including 
those which were close and distant, has be-
come the basic index that shows the occur-
rence of thunderstorms. 

Figure 1. Location of meteorological stations used in the study.

http://rcin.org.pl



8 Ewa Łupikasza, Zuzanna Bielec-Bąkowska, Małgorzata Falarz

Snow cover. Seasonal data on the maxi-
mum snow cover depth in 60 meteorological 
stations in Poland for the period 1954/55-
2000/01 were analysed (Fig. 1). Snow cover 
series for 6 of the 60 meteorological stations 
were incomplete. The missing seasonal data 
for one winter season, mainly for the fi rst 
or the last winter of the investigated period, 
were fi lled in using the data of 1-3 neigh-
bouring stations located in those areas that 
had similar snow conditions. The quality of 
the observations was controlled and correct-
ed. The homogeneity of the seasonal snow 
cover data was controlled with the Standard 
Normal Homogeneity Test (Alexandersson 
1986). Three inhomogeneous series (Lublin, 
Mława, Mikołajki) were then adjusted.

Winter seasons of extremely thin (thick) 
snow cover were defi ned as winters with a 
maximum seasonal snow cover depth of be-
low 10% (above 90%) of the empirical prob-
ability. The spatial distribution of the above 
mentioned limit values was analysed. The 
variability of the extent of the snow cover 
with extremely thin and extremely thick 
snow cover depth in the period 1954/55-
2000/01 was investigated. It was assumed 
that each meteorological station represents 
1/60 of the area of Poland. 

Changes in precipitation. The trend pa-
rameters were calculated for the following 
three characteristics of extreme precipitation 
events: number of days with extreme precip-
itation (>90th percentile), precipitation totals 
during days with extreme precipitation (>90th 
percentile), and the share of extreme precipi-
tation (>90th percentile) in the yearly total. 
No statistically signifi cant linear tendencies 
in extreme precipitation in Poland in the 
second half of the twentieth century (1951-
2000) were observed. Signifi cant trends were 
observed only at individual meteorologi-
cal stations (from 5 to 2 stations depending 
on the index) (Table 1). It should be added 
that the mountain meteorological station at 
Śnieżka (in the Sudeten Mountains) was the 
only one in which a statistically signifi cant 
decrease in the values of all the considered 
characteristics of extreme precipitation in the 
period 1951-2000 was observed. In the NW 

part of Poland, near Kołobrzeg, the opposite 
tendencies were observed (Table 1).

To sum up, the analysis of extreme pre-
cipitation events in the second half of the 
twentieth century shows only a weak de-
crease in the S and especially SW part of 
Poland. Opposite, but similarly weak trends 
were observed in N Poland.

When applying a trend method, it should 
be remembered that the results strongly de-
pend on the value of the element studied both 
at the beginning and at the end of the period 
under investigation. As a result, the deter-
mined value and direction of trends is only 
appropriate for the analysed time interval. 
Thus, in order to supplement and determine 
more precisely a possible trend in the course 
of extreme precipitation events, data for sub-
sequent consecutive 30-year periods were 
also analysed.

The analysis of trends in consecutive 
30-year periods was carried out on the ba-
sis of arithmetically averaged values of the 
individual characteristics of precipitation 
extremes for Poland. This approach made 
it possible to distinguish a particular period 
which began in the mid-1960s and lasted un-
til the early 1990s, which was characterized 
by a statistically signifi cant negative trend of 
all three characteristics of extreme precipita-
tion events in Poland (Table 2). Taking into 
account the results of the individual stations, 
it was discovered that the strongest, decreas-
ing trends could be seen in precipitation to-
tals during days with extreme precipitation, 
and they occurred during three consecutive 
30-year periods, starting from 1964-93. In 
these years, statistically signifi cant trends oc-
curred in the case of ca. 50% of the investi-
gated stations located mainly in southern and 
also partly in eastern Poland (Fig. 2). 

The period of decreasing trends of ex-
treme precipitation events in Poland is 
clearly visible in the long-term course 
of arithmetically averaged values of the 
number of days with precipitation exceed-
ing a threshold value of the 90th percen-
tile (Fig. 3A). The course of other indices 
(that is, precipitation total during extremely 
rainy days and the share of this value in an-
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9Variability of Selected Extreme Meteorological Events in Poland

nual precipitation), shows similar features 
of long-term variability. The most signifi -
cant of these is the above average number 
of days with extreme high precipitation in 
the 1960s, and 1970s, and the rather lower 

frequency of the occurrence of such days in 
the 1950s, 1980s and in the early 1990s. It 
is worth noting that there is an increasing 
trend since the 1990s. Extreme precipitation 
events often represent phenomena which 

Table 1 Tendencies in extreme precipitation (>90th percentile) in the period 1951-2000 in Poland. 

number of days with 
precipitation ≥90th percentile

precipitation total at days with
 precipitation ≥90th percentile

share of precipitation total at 
days with precipitation ≥90th 

percentile in annual total
change/10years
[No. of days]

statistical 
signifi cance

change/10years
[mm]

statistical 
signifi cance

change/10years
[%]

statistical 
signifi cance

Kołobrzeg 0.6 * 14.7 + 1.5 -
Koszalin 0.3 - 4.5 - -0.4 -
Ustka 0.2 - 3.2 - 0.2 -
Łeba -0.1 - -1.9 - 0.4 -
Lębork 0.0 - 2.3 - -0.4 -
Hel 0.4 - 6.3 - 0.5 -
Elbląg 0.0 - 2.7 - -0.4 -
Suwałki 0.1 - -4.7 - -1.3 -
Świnoujście 0.2 - 1.2 - -0.2 -
Szczecin -0.1 - 8.3 - 0.5 -
Resko -0.1 - 10.8 - 0.4 -
Szczecinek -0.3 - 2.9 - -0.7 -
Chojnice -0.2 - -6,1 - -1.8 *
Toruń 0.0 - 10.1 - 1.1 -
Olsztyn 0.1 - -1.6 - -1.3 -
Ostrołęka 0.2 - 4.8 - -0.4 -
Białystok -0.2 - 0.4 - 0.2 -
Gorzów Wlk. 0.5 + 1.4 - 0.,2 -
Słubice -0.2 - 1.2 - -0.,4 -
Poznań 0.2 - 9.1 - 0.3 -
Płock -0.5 - -1.2 - 0.0 -
Warszawa 0.2 - 5.9 - 0.4 -
Siedlce -0.2 - -2.0 - -0.3 -
Zielona Góra -0.2 - -8.4 - -1.2 -
Legnica -0.1 - -2.4 - 0.1 -
Wrocław 0.1 - -4.8 - -0.5 -
Kalisz 0.2 - -3.5 - -0.4 -
Wieluń 0.2 - 2.7 - 0.3 -
Łódź 0.1 - -1.0 - -0.6 -
Lublin -0.1 - 4.6 - 0.4 -
Włodawa -0.3 + -3.8 - -0.2 -
Jelenia Góra 0.1 - -12.9 - -1.9 *
Śnieżka -0.9 * -67.7 ** -2.7 **
Kłodzko 0.1 - -7.7 - -1.0 -
Opole 0.1 - 8.1 - 0.9 -
Racibórz -0.4 + -6.4 - -0.2 -
Częstochowa -0.2 - 2.7 - 0.4 -
Katowice 0.0 - 5.4 - 0.4 -
Kraków 0.2 - 0.8 - -0.3 -
Kielce -0.1 - 2.9 - 0.0 -
Tarnów 0.3 - 7.2 - 0.4 -
Rzeszów 0.3 - 2.9 - -0.2 -
Sandomierz 0.1 - -3.1 - -0.3 -
Zamość 0.0 - -0.3 - 0.0 -
Bielsko Biała -0.4 - -2.6 - 0.2 -
Zakopane -0.6 - -7.1 - -0.6 -
Kasprowy 
Wierch -0.1 - 25.9 - 0.8 -

Signifi cance level: “+” signifi cant at 0.1; “ *” signifi cant at  0.05; “ **” signifi cant at 0.01; 
“***” signifi cant at 0.001; “-” not signifi cant
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10 Ewa Łupikasza, Zuzanna Bielec-Bąkowska, Małgorzata Falarz

occur locally. Therefore, the conclusion that 
the long-term variability of the investigated 
indices of precipitation extremes was char-
acterized by relatively small spatial change-
ability in the broad areas of Poland appears 
to be interesting. It was proved by the sta-
tistically signifi cant correlation coeffi cients 
(over 0.6) between the area averaged values 

of extreme precipitation indices and their 
values at individual stations (Fig. 3B).

The best results of regionalisation using 
cluster analyse of the k-means method were 
obtained after they were divided into 6 clus-
ters (Fig. 4). Both clusters 1 and 2 consist 
of one station each (mountain stations). As 
a result, it was stated that in Poland there are 

1964-93 1966-95 1965-94 

Figure 2. Tendencies in extreme precipitation totals (>90th percentile) for selected 30-year moving pe-
riods in Poland. Red dots mean a decreasing trend, statistically signifi cant at:  ○ 0.1; ● 0.05; ● 0.01; ● 
0,001. Blue dots mean an increasing trend, statistically signifi cant at: ○ 0.1; ● 0.05; ● 0.01; ● 0.001.

Table 2. Tendencies in extreme precipitation (>90th percentile) in 30-year moving periods within the 1951-
2000 period in Poland. Tendencies were counted on the basis of Polish time series of extreme precipitation 
indices. Polish time series of indices were obtained by arithmetic averaging of stations’ time series. 

30-year 
moving 
periods

number of days with 
precipitation ≥90th percentile

precipitation total at days 
with precipitation ≥90th 

percentile

share of precipitation total at 
days with precipitation ≥90th 

percentile in annual total
change/10years

[No of days]
statistical 

signifi cance
change/10years

[mm]
statistical 

signifi cance
change/10years

[%]
statistical 

signifi cance
1951-1980 0.7 - 16.7 - 1.4 -
1952-1981 0.6 - 13.1 - 1.0 -
1953-1982 0.4 - 6.9 - 0.0 -
1954-1983 0.0 - -2.7 - -0.5 -
1955-1984 -0.4 - -10.4 - -0.9 -
1956-1985 -0.5 - -11.1 - -1.0 -
1957-1986 -0.5 - -11.4 - -1.1 -
1958-1987 -0.4 - -10.8 - -1.0 -
1959-1988 -0.5 - -10.6 - -1.2 -
1960-1989 -0.8 + -15.1 + -1.2 -
1961-1990 -0.7 + -13.9 + -1.2 +
1962-1991 -0.8 * -16.1 * -1.5 *
1963-1992 -1.0 * -20.4 ** -2.0 **
1964-1993 -1.1 ** -28.6 ** -2.5 **
1965-1994 -1.2 ** -30.1 ** -2.8 ***
1966-1995 -1.1 ** -28.6 ** -2.6 **
1967-1996 -0.8 * -18.9 * -2.0 *
1968-1997 -0.5 - -13.1 - -1.5 -
1969-1998 -0.2 - -8.6 - -1.0 -
1970-1999 -0.4 - -11.6 - -0.8 -
1971-2000 0.0 - -3.5 - -0.5 -

Signifi cance level: “+” signifi cant at 0.1; “ *” signifi cant at  0.05; “ **” signifi cant at 0.01; “***” signifi cant at 0.001; 
“-” not signifi cant
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11Variability of Selected Extreme Meteorological Events in Poland

four broad areas of different size which are 
homogenous in terms of their long-term vari-
ability of the occurrence of extreme precipi-
tation events (Fig. 4). The obtained regional 
division is consistent with the spatial distri-
bution of correlation coeffi cients between the 
area averaged values of precipitation indices 
for Poland and their values at individual sta-

tions. The largest area of similar long-term 
variability of extreme high precipitation en-
compasses the central part of Poland (cluster 
6/ region 6) (Fig. 4). Region 6 is character-
ized by the smallest range of variability of 
days with precipitation >90th percentile. 
High average number of days with extreme 
precipitation is noted in the region located in 
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Figure 3. Long-term variability of the number of days with precipitation >90th percentile in Poland. 
(A – Polish time series obtained by arithmetic averaging of stations’ time series, B – spatial distribu-
tion of correlation coeffi cients between Polish time series of investigated index and its values at each 
meteorological station).
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Figure 4. Regions of coherent long-term variability in the number of days with precipitation >90th per-
centile in Poland.
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the north-western part of Poland (cluster 4/
region 4). Moreover, it should be underlined 
that in mountainous areas the long-term 
variability of precipitation extremes is con-
siderably different than those of other areas. 
Regional time series of the number of days 
with extreme precipitation (>90th percentile) 
and their numerical characteristics, including 
average, maximum and minimum values, are 
presented in Fig. 5 and Table 3. 

The preliminary results on the relation-
ship between atmospheric circulation and the 
occurrence of extreme precipitation events 
show that the spatial confi gurations of the 
distinguished regions may be associated with 
the origin of this type of events.

Changes in thunderstorms. The ob-
tained results show that in Poland there are 
about 24 stormy days per year on average. 
This number oscillates between 15 and 33 
per year depending on the region and it in-
creases from the north-west to the south-east 

(Bielec-Bąkowska 2002). The smallest an-
nual number of days with a thunderstorm 
usually oscillates between 10 and 14 days in 
a year (39.3% of all the stations). The small-
est values in the index are noted on the Baltic 
Seacoast -  4 days in 1976 in Ustka. The larg-
est annual number of days with a thunder-
storm usually occurred in the range from 30 
to 39 days (66.1% stations) and the largest 
number of such days was noted at Kasprowy 
Wierch – 54 days with a thunderstorm in 
1963 (Fig. 6A-C). A spatial distribution of 
10% quantile of the annual number of days 
with thunderstorms shows that on the sea-
coast the least occurring years were those 
with more than 23-25 thunderstorm days, 
whereas in south-eastern Poland there were 
years where over 35 and even up to 39 days 
with thunderstorms were noted (Fig. 6E). In 
the periods where in a given station or a re-
gion the largest number of stormy days was 
noted, this number exceeded mean annual 
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Figure 5. Regional time series of the number of days with precipitation >90th percentile. Regional time 
series were obtained by arithmetic averaging of stations’ series counted among the same cluster. 
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13Variability of Selected Extreme Meteorological Events in Poland

values by about 30-40% (36 stations) and in 
Suwałki, Leszno and Olsztyn it was almost 
twice as large. 

The investigations on the long-term 
changeability of thunderstorms occurrence 
in Poland in the second half of the twentieth 
century revealed considerable differentiation 
even in the case of neighbouring stations 
(Fig 7). Apart from the station in Kielce and 
Włodawa, no clear trends in the thunder-

storms occurrence (in the multi-annual period 
studied) were determined in annual, seasonal 
and monthly values. The only exception was 
a winter season, when a small increase in the 
frequency of thunderstorm occurrence at the 
end of the twentieth century was observed. It 
was also diffi cult to distinguish the periods in 
which the number of stormy days would be 
different from the average (at the statistically 
signifi cant level), both in individual stations 

Table 3. Average, maximum and minimum number of days with precipitation >90th percentile for clus-
ters of similar long-term variability of days with precipitation >90th percentile.

numerical 
characteristic cluster 1 cluster 2 cluster 3 cluster 4 cluster 5 cluster 6

Average 15.7 17.7 9.6 12.0 10.9 10.2

Maximum 23.5 31.0 18.0 18.9 17.8 15.0

Minimum 7.5 5.0 5.1 6.2 5.9 5.3
Range of 
variability 16.0 26.0 12.9 12.7 11.9 9.7

Signifi cance level: “+” signifi cant at 0.1; “ *” signifi cant at  0.05; “ **” signifi cant at 0.01; “***” signifi cant at 0.001; 
“-” not signifi cant
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and regions. Only the analysis of the change-
ability of the occurrence of thunderstorms in 
the established thunderstorm regions made it 
possible to observe a weak decrease in the 
mean number of stormy days in the western 
regions and their weak increase in the eastern 
regions (Bielec-Bąkowska 2002). 

The results described above have become 
the basis for investigating long-term changes 
in thunderstorm occurrence over the course of 
the twentieth century. The analysis was based 
on the number of days with a thunderstorm 
from seven stations (Hel, Szczecin, Koszalin, 
Poznań, Wrocław, Racibórz, Kraków) from 
the period 1885-2000. The mean number of 
stormy days at individual stations did not dif-
fer considerably from the mean value of the 
period 1949-1998 (for regions where they 
were located). While analysing such a long 
series of data, it is also diffi cult to distinguish 
very clear trends in the number of days with 
a thunderstorm, whether one considers annu-

al or seasonal values (Fig. 8). The directional 
regression coeffi cient, calculated for the an-
nual number of days with a storm at Hel, 
Szczecin, Racibórz and Kraków did not ex-
ceed 0.04 (at the confi dence level>0.05). In 
Poznań, Wrocław and Koszalin the number 
of stormy days showed a certain increasing 
trend, and the regression indices were 0.05, 
0.04 and 0.09 respectively (statistically sig-
nifi cant at the level 0.01, 0.05 and 0.01 re-
spectively). It is also worth noting that at 
the beginning of the long-term period the 
smallest number of days with a thunderstorm 
was observed, but the range of the variabil-
ity was larger than in years that followed. In 
that time, several periods occurred showing 
a much larger or a much smaller number of 
days with a thunderstorm. On the other hand, 
in the fi nal decades of the twentieth century, 
more thunderstorms were observed, but the 
changeability index was clearly smaller than 
at the beginning of the long period studied 

Figure 7 The number of days with thunderstorms at selected stations in Poland in the period 1949-1998.
  number of days           values smoothed by 5-element Gauss fi lter
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15Variability of Selected Extreme Meteorological Events in Poland

(Bielec-Bąkowska, 2003). In the case of 
such long observation series, it was also vis-
ible that in the second half of the twentieth 
century, the increase in the number of stormy 
days in the winter months was not so clearly 
unambiguous and it concerned only Kraków, 
Szczecin and Koszalin. On the other hand, 
it was observed that after 1950 in Koszalin, 
Poznań, Wrocław and Kraków there was a 
small decrease in the number of stormy days 
from May to August, with a simultaneous in-
crease in the occurrence of thunderstorms in 
the colder months of the year.

Changes in snow cover. In the period 
1954/55-2000/01 the seasonal maximum 
of the snow cover depth revealed a slight, 
though not statistically signifi cant (at the 
0.05 level) negative change of -1 to -2 cm per 
10 years in lowlands and up to -8 cm per 10 
years in the highest mountains (Table 4). The 
maximum seasonal snow cover depth of the 
empirical probability 10% varies in the non-
mountainous area of Poland from 4 cm in the 
west to 5-10 cm in the central and coastal 
areas and 16 cm in the north-eastern part of 
the country (Fig. 9A). In the mountains, ex-
tremely thick snow cover is at most 15 cm in 
the foothills, 20-40 cm at Beskidy and about 
100 cm on the highest summits (91 cm at 
Śnieżka, 125 cm at Kasprowy Wierch). The 
snow cover depth of the empirical probabil-
ity of 90% is the lowest in western Poland 

(23 cm in Legnica) and increasing the further 
east and north-east, reaching at its maximum 
50 cm (54 cm in Suwałki; Fig. 9B). Such 
a spatial distribution results from the effect of 
maritime air-masses coming off the Atlantic 
Ocean. In mountainous areas the probability 
of 90% corresponds to 40 cm of snow depth 
in the foothills, 40-100 cm at Beskidy and up 
to 300 cm on the highest summits (211 cm at 
Śnieżka, 299 cm at Kasprowy Wierch). Thus, 
the mountain areas have the highest diversity 
in terms of extreme nival conditions.

The extremely thin snow cover (i.e. of 
the probability <10%) occurred in a large 
area of Poland in three periods; that is, at 
the end of the 1950s and the beginning of 
the 1960s, in the fi rst half of the 1970s and 
since the middle of the 1980s (Fig. 10A). In 
the winter seasons of 1960/61 and 1974/75 
the snow cover was extremely thin in the 
majority of the areas of Poland (i.e. in 33 
and 37 of 60 meteorological stations respec-
tively). On the other hand, in the 1960s and 
at the end of the 1970s and the beginning of 
the 1980s, extremely thin snow cover was 
hardly observed (only in particular regions). 
The years between 1961/62-1970/71 was the 
longest period during which extremely thin 
snow cover was observed in only ≤ 5% of 
the area of Poland. No signifi cant trend was 
observed for the extremely thin snow cover 
area in Poland.
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Figure 8 The number of days with thunderstorms in Kraków in the period 1885-2000.
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Extremely thick snow cover (i.e. of the 
probability > 90%) was observed in a con-
siderable part of the area of Poland in the 
fi rst half of the 1960s, and at the end of the 
1970s and the beginning of the 1980s (Fig. 

10B). In the winters 1962/63, 1969/70 and 
1978/79 very thick snow covered at least 
60% of the area of the country (78% in the 
last-mentioned winter). During the fi rst half 
of the 1970s and in the 1990s extremely 

Table 4. Change of the seasonal maximum snow cover depth (cm per 10 years) at the selected stations 
(1954/55-2000/01). The trends are not statistically signifi cant at the 0.05 level.
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Figure 9. Seasonal maximum snow cover depth of the empirical probability A) 10%, B) 90% (cm; 
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Figure 10. Percentage of Polish land area with the seasonal maximum snow cover depth of the empirical 
probability A) < 10%, B) > 90%: 5-year consecutive mean (%; 1954/55-2000/01).
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thick snow cover was not observed or was 
observed only in a small area. The years 
between 1987/88-1994/95 was the longest 
period during which extremely thick snow 
cover was observed in only ≤ 2% of the 
area of Poland. The area with extremely 
thick snow cover in Poland has not revealed 
a statistically signifi cant trend.

CONCLUSIONS

The analysis of the long-term change-
ability of the selected characteristics of ex-
treme meteorological events shows, in gen-
eral, a lack of a clear trend in their long-term 
course. It means that in Poland until the end 
of the second half of the twentieth century, 
a statistically signifi cant increase in the fre-
quency of the occurrence of extreme precipi-
tation as well as extremes concerning thun-
derstorm phenomena and snow cover was 
not observed. 

A statistically signifi cant tendency in the 
occurrence of extreme precipitation events 
in the second half of the twentieth century 
was not observed. Only a weak decreasing 
trend of the analysed indices of precipitation 
extremes was observed in the south-western 
part of Poland, and the opposite trend, but 
which was also of weak signifi cance, was 
observed in northern Poland. Important 
changes concerning extreme precipitation 
in Poland occurred in the period that began 
in the mid-1960s and lasted until the early 
1990s; however, they indicated a decrease of 
the indices studied. The long-term course of 
precipitation events in Poland showed rela-
tively small spatial changeability in broad 
areas, especially in the central part of the 
country. The most important features of this 
course include: a higher than average number 
of days with extreme high precipitation in 
the 1960s and in 1979, a demonstrably lower 
frequency of the occurrence of such days in 
the 1950s, 1980s and at the beginning of the 
1990s. Several regions that showed a similar 
long-term variability of extreme precipita-
tion events can be distinguished. In the case 
of the analysed indices, four such areas were 

identifi ed, and it should be emphasised that 
in mountain areas the long-term variability 
of the analysed extremes appeared to be con-
siderably different than that of other regions. 
The preliminary investigations prove that a 
spatial confi guration of the distinguished re-
gions may be associated with the origin of 
the occurrence of this type of events.

The results concerning the occurrence of 
thunderstorms show that the tendencies re-
lating to the number of days with a thunder-
storm, both in the second half of the twenti-
eth century and in longer periods, have not 
indicated any clear changes. It was diffi cult 
to determine periods that contained an in-
crease in the number of stormy days, and to 
distinguish those regions that were character-
ized by similar long-term courses of the oc-
currence of this phenomenon. Only analysis 
of the long-term changeability of the average 
number of thunderstorms in selected stormy 
regions indicates their small increase in the 
eastern regions and a small decreasing trend 
in western Poland. When comparing the ob-
tained results with the changeability of the 
occurrence of thunderstorms in the period 
1885-2000 at the selected stations, it was 
stated that no distinctive difference was ob-
served in the frequency of the analysed phe-
nomenon. Only in Poznań, Wrocław and Ko-
szalin did the number of stormy days show 
a certain statistically signifi cant increasing 
trend. The analysis of longer time series did 
not confi rm an increasing tendency in the 
number of stormy days during the winter 
months, although it was explicitly determined 
in the second half of the twentieth century. It 
means that the discussed climate changes of 
the recent one hundred years have not had, to 
date, a considerable infl uence on the number 
of days with thunderstorms in Poland. The 
spatial differentiation in the occurrence of 
thunderstorms depends on local conditions, 
and changes to atmosphere circulation.

One of the main features of extreme snow 
cover events in Poland is their large year to 
year variability. There were not any signifi -
cant trends either for the area of extremely 
thin or for extremely thick snow cover in 
Poland during the second half of the twenti-
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eth century. The fl uctuations were especially 
noticeable in the case of extremely thin 
snow cover. One can note the repetition of 
similar features of that characteristic during 
every fi fteen winter seasons. However, this 
regularity was somewhat disturbed in the 
last decade. Since the 1987/88 winter, a con-
siderable decrease of the area of extremely 
thin snow cover has not been observed. At 
the same time, the extent of extremely thick 
snow cover remained at a low level through-
out the 1990s. The main reason for this situ-
ation seems to be the increasing frequency of 
the western air masses advection over Poland 
in the last decades of the twentieth century, 
which was found by T. Niedźwiedź (2000b). 
Therefore detailed analysis of extreme snow 
cover dependencies on the atmospheric cir-
culation should be the next stage of the re-
search programme.
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Abstract: The analysis concerned the variability of daily precipitation totals observed during the 
second half of the 20th century at fi ve stations in Poland. The elements examined were number of days 
with precipitation exceeding given thresholds, lengths of wet and dry spells and precipitation amounts 
in a single spell. There is an upward trend for the number of spells and days with precipitation, and 
a downward trend for mean precipitation during a given spell. Changes in peak precipitation are not 
uniform, there being negative trends at some stations and positive ones at others. However the lack of 
a trend for  precipitation totals combines with the climatic warming now to be observed to imply risk 
of a water defi cit.

key words: wet spell, dry spell, precipitation extremes, linear trend, Poland

INTRODUCTION 

Many studies  have reported increased 
precipitation in the mid to high latitudes of 
the Northern Hemisphere over the last cen-
tury. An increase of 10–50% has been ob-
served over Northern and Western Europe 
(Watson et al., 1998). In Poland, a slight in-
crease in precipitation totals can also be ob-
served, but one that does not exceed the level 
of signifi cance (Kożuchowski 2004).  As the 
Third Assessment IPCC Report (Houghton 
et al. 2001) warns against a higher risk of 
fl oods and droughts occurring more often 
in a warmer world. This study  focuses on 
variations in daily precipitation totals and the 
way they are related to atmospheric circula-
tion indices.

DATA AND METHODS

Use was made of daily precipitation totals 
for the period 1951-2000 at fi ve stations in 
Poland: Szczecin in the north-west, Suwałki 
in the north-east, Przemyśl in the south-east, 
Wrocław in the south-west and Łódź in the 
centre (Fig. 1). Daily gridded geopotential 
heights at the 700 hPa level from NCEP/

Figure 1. Location of analysed stations.
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NCAR reanalysis (Kalnay et al., 1996) were 
used to analyze the infl uence of circulation on 
the occurrence of heavy precipitation events. 

Two large European projects analyzing 
daily precipitation totals in the context of 
extreme events are: the European Climate 
Assessment (Klein Tank, A.M.G. Können, 
2003) and EMULATE (Moberg et al., 2006). 
Among the indices suggested by these groups 
are the highest daily total in the year, the 
numbers of days with precipitation exceed-
ing thresholds defi ned by percentiles (75, 
90, 95, 99)  during a selected reference pe-
riod, or by given values, and the fraction of 
precipitation totals noted on days with pre-
cipitation exceeding these thresholds. From 

among these indices, this study applied: the 
highest daily total and annual frequencies of 
days exceeding selected thresholds. Because 
the area of interest is not large, the thresholds 
common to all stations used were: 0.1 mm 
– measureable precipitation, 1.0 mm – slight 
precipitation, 5.0 mm  - moderate precipita-
tion and 10.0 mm – high precipitation. 

On that basis, the annual frequencies of wet 
days (r>0.0), and the 1, 5, 10, 25, 50, 75, 90, 
95 and 99 percentiles for all wet days (r>0.0) 
were determined for each year separately, and 
trends therefore analysed (section 3).

The wet spells (section 4) and dry spells 
(section 5) were analysed in relation to 
changes in their length and intensity. 

Figure 2. Annual number of days with precipitation exceeding selected thresholds: ≥ 0.1, ≥ 1.0, ≥ 5.0, ≥ 10.0 
mm with linear trend and determination coeffi cient (R2) of number of rainy days, during the period 1951-2000.
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The synoptic situations favorable to high 
precipitation events were also analysed. To 
do this the sample of days with precipitation 
≥20 mm at at least one station was chosen and 
the Lund method of fi eld classifi cation (Lund, 
1963) used to distinguish the synoptic situa-
tions favorable to high precipitation events 
(section 6). In this classifi cation, geopotential 
heights at the 700 hPa level on each selected 
day are correlated with those on all other days. 
The map with the highest number of correla-
tion coeffi cients exceeding the given thresh-
old (here 0.7) is selected and designated as 
type A. All days of this type (correlating with 
type A above the threshold) are removed from 
the sample and a next map with the highest 
number of correlation coeffi cients exceeding 
the given threshold is selected and designated 
as type B. The procedure is repeated until 
there are maps which correlate on the level 
exceeding the threshold. 

Two methods were used to estimate lin-
ear trends and their statistical signifi cances: 
the least squares method with Student t-test 

(which assumes that the data distribution is 
close to normal) and the Sen’s slope method 
with Kendall tau test (Sen 1968), which does 
not make any assumption as regards data dis-
tribution.

DAILY PRECIPITATION TOTALS

The annual frequencies of days with 
precipitation exceeding selected thresholds 
were analysed (Fig.2). The four thresholds 
selected were: 0.1 mm – measureable pre-
cipitation, 1.0 mm – slight precipitation, 5.0 
mm  - moderate precipitation and 10.0 mm 
– high precipitation. Only the frequency of 
wet days has increased signifi cantly at all 
analysed stations. This increase varied from 
3.2 days per decade in Szczecin to 6.2 days 
per decade in Przemyśl. 

In each year the percentiles 1, 5, 10, 25, 
50, 75, 90, 95 and 99 of all wet days (r>0.0) 
were calculated and tested against the trend. 
The results are as presented in Table 1. The 

Figure 3. The highest daily total in a year, 1951-2000.
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Figure 4. The longest wet spell in a year (left column) and the mean annual length of wet 
spell (right column) with linear trend estimated by the least square method and determination 
coeffi cient R2, during the period 1951-2000.

Table 1. The trend coeffi cients in mm per decade of mean annual values of selected percentiles. 
Values signifi cant at 5% (10%) level are bolded (in italic)
percentiles 1 5 10 25 50 75 90 95 99
Wrocław 0.00 -0.01 -0.02 -0.04 -0.06 -0.15 -0.33 -0.10 -0.23
Przemyśl 0.00 -0.01 -0.02 -0.04 -0.07 -0.27 -0.40 -0.54 0.63
Suwałki 0.00 -0.01 -0.01 -0.03 -0.03 -0.02 -0.19 -0.39 -0.51
Szczecin 0.00 -0.01 -0.02 -0.04 -0.05 0.01 0.12 0.07 0.60
Łódź 0.00 0.00 0.00 0.00 -0.02 0.03 -0.05 0.05 -0.18
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low percentiles (5,10 and 25) have decreased 
signifi cantly at the 95% level at four of the 
fi ve stations. This means that lower daily to-
tals have become more frequent. For higher 
percentiles negative trends still prevailed. 
A few positive trends were found, but these 
were not statistically signifi cant. 

The long-term course for highest daily 
precipitation totals at selected stations is as 
presented in Fig. 3. Only the record from 
Przemyśl reveals a slight upward trend (3.15 
mm/decade). Changes were not observed at 
other stations. The highest daily totals var-
ied from 64.2 mm in Suwalki to 99.8 mm in 

Figure 5. The highest precipitation total during one wet spell in a year (left column) and the 
mean annual precipitation total during one wet spell (right column) with linear trend estimated 
by the least square method and determination coeffi cient R2, during the period 1951-2000.
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Łódź. Only in Przemyśl did the highest ob-
served value occur in the last decade. These 
results are consistent with fi ndings obtained 
by Moberg et al. (2006) and Klein Tank and 
Können (2003), who analysed indices for 
precipitation extremes in Europe, and did not 
note signifi cant changes in Poland. 

WET SPELLS

Wet spells were defi ned as uninter-
rupted sequences of days with daily pre-
cipitation >0. The mean annual number of 
such spells was slightly greater than 60. 
The lowest annual numbers of spells var-
ied from 31 at Przemyśl to 54 at Suwałki. 
The highest number of spells in turn varied 
from 73 at Suwałki and Szczecin to 81 at 

Wrocław. The mean annual length of a wet 
spell was between 2.4 days in Wrocław and 
2.8 in Łódź, but it could even reach 4 in 
particular years (Table 2). The longest an-
nual wet spells were of 6 to 21 days, with 
mean values varying from 9.6 in Wrocław 
to 11.7 in Łódź. There is a downward trend 
for annual frequencies of wet spells, at four 
of the fi ve analyzed stations. Together with 
trends  for an  increase in the number of 
wet days,  this has resulted in longer mean 
lengths of wet spells  (Tables 3 and 4). The 
slope estimators calculated by two meth-
ods give similar results. The magnitude of 
this increase is of about 0.09 days per dec-
ade. An upward trend can also be noted for 
in the length of the longest wet spell of the 
year. In this case the distribution of data is 

Figure 6. Number of wet spells in function of their length (left graph) and the amount of 
days in wet spell in function of their length (right graph) at Łódź in the period 1951-2000.

Table 2. Mean, standard deviation, maximum and minimum of mean annual length of wet spell and the 
longest wet spell in the year, the highest annual precipitation total during one spell and mean annual 
precipitation total during one spell in the period 1951-2000

Wrocław Szczecin Łódź Przemyśl Suwałki
length of a wet 
spell

mean 2.4 2.7 2.8 2.7 2.7
st. deviation 0.23 0.31 0.40 0.32 0.30
maximum 2.9 3.6 4.0 3.3 3.4
minimum 1.8 2.0 1.9 2.0 2.1

length of the 
longest spell in the 
year

mean 9.6 11.3 11.7 11.0 11.3
st. deviation 2.00 2.81 3.34 2.83 2.62
maximum 16 20 21 19 18
minimum 6 6 7 7 7

precipitation total 
in a spell

mean 8.8 8.7 9.3 10.7 9.4
st. deviation 1.8 1.5 1.8 2.1 1.7
maximum 13.7 11.6 13.1 15.5 14.6
minimum 5.3 6.3 5.6 6.6 5.4

the highest 
precipitation total 
in a spell

mean 68.3 58.4 64.5 75.1 60.4
st. deviation 23.4 18.0 29.4 28.1 23.0
maximum 130.1 101.9 166.0 163.2 139.9
minimum 28.2 27.1 30.6 29.7 28.1
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far from normal and the slopes estimated 
by the two methods differ signifi cantly,  
the Sen’s slope estimates seeming to be 
more robust (Fig. 4). 

The distribution of wet spells in relation 
to their length shows that one-day wet spells 
are most common. However,  the greatest 
number of days are included among wet 
spells lasting two days. An example of the 

distribution of wet spells in relation to their 
length and of the distribution of numbers 
of days in wet spells in relation to wet spell 
length is presented in Fig. 6. 

Precipitation totals during particular wet 
spells can have a major impact on fl ood-
ing. Mean precipitation totals in a spell 
varied from 5.3 to 15.5 mm (Table 2, Fig. 
5), but from the point of view of fl ood risk 

Figure 7. The longest dry spell in a year (left column) and the mean annual length of dry spell 
(right column) with linear trend estimated by the least square method and determination coef-
fi cient R2, during the period 1951-2000.
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Figure 8. Number of dry spells in function of their length (left graph) and the amount of 
days in wet spell in function of their length (right graph) at Łódź in the period 1951-2000.

Table 3. Sen’s estimate of slope in linear regression of selected features of wet spells 
* - signifi cant at 90% level, ** - signifi cant at 95% level

element unit Wrocław Szczecin Łódź Przemyśl Suwałki
number of spells cases/decade 0.31* -0.89* -0.96* -0.63** -0.63*
the longest spell

days/decade
0.31* 0.00 0.00 0.59* 0.00

mean length of a spell 0.03* 0.09** 0.09** 0.10** 0.09**
the highest precipitation in a spell

mm/decade
-3.25* 1.38* 3.4* 5.8** -1.73*

mean precipitation in a spell -0.15* 0.32** 0.32* 0.17* 0.20

Table 4. The least square estimate of slope in linear regression of selected features of wet spells 
* - signifi cant at 90% level, ** - signifi cant at 95% level

element unit Wrocław Szczecin Łódź Przemyśl Suwałki
the longest spell

days/decade
0.35* 0.31 0.24 0.53* 0.03

mean spell length 0.04** 0.09** 0.10** 0.11** 0.09**
the highest precipitation in a spell

mm/decade
-1.29 2.11 4.0 6.11** -1.45*

mean precipitation in a spell -0.09 0.31** 0.28* 0.16 0.15

Table 5. Annual mean, standard deviation, maximum and minimum of number of dry spells, 
mean annual length of dry spell and the longest dry spell in the period 1951-2000 

Wrocław Szczecin Łódź Przemyśl Suwałki
number 
of spells

mean 64.0 61.3 61.5 62.4 62.8
st. deviation 5.98 5.40 5.98 6.41 4.56
maximum 81 73 76 74 73
minimum 46 49 45 31 54

length of dry 
spell

mean 3.4 3.3 3.2 3.2 3.1
st. deviation 0.59 0.49 0.51 0.38 0.43
maximum 5.8 4.8 4.8 3.9 4.4
minimum 2.4 2.6 2.4 2.4 2.4

length of the 
longest spell 
in a year

mean 15.8 17.1 15.5 15.0 16.9
st. deviation 4.52 5.79 4.7 4.20 6.16
maximum 35 39 32 32 39
minimum 9 11 8 8 9
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the maximum annual precipitation totals 
during a spell are more interesting. In the 
analyzed period these varied from 18.0 
mm to 166.0 mm. At each of the tested sta-
tions  maximum values were greater than 
100 mm. Mean precipitation during a given 
spell has increased signifi cantly at four of 
the fi ve stations. Both methods indicate that 
the increase is of the order of 0.2-0.3 mm 
per decade. Trends for highest precipitation 
during a single spell are positive at three 
stations and negative at two others. Slope 
estimates obtained by each method differ 
signifi cantly. As previously those assessed 
by Sen’s method seem more robust, since 
the method  make no assumptions regarding 
the distribution of data.

DRY SPELLS

Dry spells were defi ned as uninterrupted 
sequences of days with zero daily precipita-
tion. In line with this defi nition, days without 
precipitation and days with a so-called trace of 
precipitation are classifi ed as dry. The annual 
number of dry spells is nearly equal (+/- 1 spell) 
to the annual number of wet spells, because 
they follow one after another. The mean length 
of a dry spell is close to 3.3, but in particular 
years and at particular stations it can vary from 
2.4 to 5.8 (Table 5). Trends for the mean length 
of a dry spell are not uniform, and even their 
signs change from station to station. 

More interesting from the point of view 
of drought risk is the length of the longest dry 
spell. The mean annual length of the longest 
dry spell varied from 15.0 to 17.1, but the in-

Figure 9. Synoptic types distinguished by 
Lund method at the 700 hPa level.
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dividual values ranged from 8 to even 39. At 
each station the longest dry spell during the 
second half of the 20th century was higher 
than 30. The trends for the longest dry spell 
during the year were not uniform. Down-
ward trends were observed at three stations, 
upward ones at one, while at one there was 
no change (Tables 6 and 7, Fig. 7).

The distribution of dry spells in relation 
to length shows that  one-day dry spells are 
commonest, though the greatest number of 
days are in dry spells lasting two days. An 
example of the distribution of dry spells in 
relation to their length and the distribution of 
the number of days in dry spells in relation to 
dry spell length is presented in Fig. 8.

ON THE DEPENDENCE OF EXTREME 
PRECIPITATION EVENTS ON 
ATMOSPHERIC CIRCULATION.

Many authors have pointed to the strong 
infl uence of atmospheric circulation on pre-
cipitation in Europe  (i.e. Hurrell and van 
Loon, 1997,  Wibig 1999, 2001, Haylock 
and Goodess, 2004), and in Poland (Wibig, 
2004, Paszyński and Niedźwiedź, 1999). But 
only some of these papers have concentrated 
on precipitation extremes (Paszyński and 
Niedźwiedź, 1999, Haylock and Goodess, 
2004). In this section an attempt was made 
to distinguish the synoptic types occurring on 
days with heavy rainfall. The set of 648 days 
with daily precipitation totals exceeding 20 
mm at at least one of the analyzed stations in 

the period 1958-2005 (the range of geopoten-
tial height data) was established, together with 
the appropriate set of geopotential high at the 
700 hPa level over the area ranging from 
30°N to 80°N in latitude and from 60°W to 
60°E in longitude with a step of 2.5° in both 
directions. The synoptic types accompanying 
heavy rainfall situations in Poland  were then 
classifi ed using the Lund method. Seven types 
were distinguished, and more than 86% of se-
lected days found to belong to one of these 
types. The model fi elds are as presented in 
Fig. 9, and the details summarized in Table 8.

The fi rst type included more than 25% of 
all days with heavy precipitation. It presents 
intense zonal circulation with a wedge of low 
pressure over Central Europe. The second 
type, occurring on 11% of days with heavy 
rainfall, has two low-pressure centers over 
Europe: one over the southern Baltic and the 
second over the central part of the Mediter-
ranean Sea. Neither of these are very intense, 
but there is an advection of  humid air from 
the north-west to Poland. 

In the third type, representative of almost 
8% of selected days, there are two low-pres-
sure systems. One in the climatological posi-
tion of the Iceland Low and the second over 
the north-eastern part of European Russia. 
a high-pressure ridge is between them. Such 
a confi guration causes the advection of humid 
air from the north-west to Poland. The fourth 
type has a zonal structure, whereby a centre of 
low pressure is located over the North Sea and 
humid air from the North Atlantic comes into 
Poland from the north west. This type occurs 
on 5.9% of days with heavy rainfall.

Table 6.  Sen’s estimate of slope in linear regression of selected features of dry spells 
* - signifi cant at 90% level, ** - signifi cant at 95% level

element unit Wrocław Szczecin Łódź Przemyśl Suwałki
number of spells cases/decade 0.39* -0.89* -1.00* -0.67** -0.67*
the longest spell days/decade -0.38* 0.67 -0.28* -1.05* 0.00

mean length of a spell -0.05* 0.003* 0.003* -0.10** -0.01*

Table 7. The least square estimate of slope in linear regression of selected features of dry spells 
* - signifi cant at 90% level, ** - signifi cant at 95% level

element unit Wrocław Szczecin Łódź Przemyśl Suwałki
the longest spell days/decade -0.08* 0.66 -0.47 -0.89** -0.07

mean length of a spell -0.10* -0.01 -0.02 -0.108** -0.05
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The next three types are characterized by 
a low-pressure system with a centre located 
over the southern Baltic, northern Italy and 
south-eastern Poland respectively. Such situ-
ations are less common and occur together in 
less than 10% of days. 

The heavy rainfall situations in days with 
north-easterly or north-westerly advections 
are generally in agreement with the results 
of Niedźwiedź (Paszyński and Niedźwiedź 
1999). However heavy rainfall does not occur 
over the whole of Poland at the same time, so 
interregional differences can be quite large. 
A denser dataset would seem to be necessary 
if the infl uence of circulation on the occur-
rence of extreme precipitation events is to be 
determined in full.

SUMMARY AND DISCUSSION

The above analysis makes it clear that pre-
cipitation in Poland did not change greatly  in 
the second half of the 20th century. Only the 
frequency of wet days has increased, though 
the fact that this  is not connected with an in-
crease in annual totals ensures that the mean 
precipitation on a wet day is decreasing. 
These fi ndings are consistent with the results 
of Kożuchowski (2004), who has demon-
strated reduced rainfall intensity (mean pre-
cipitation per wet day), as well as with those 
of  Niedźwiedź (2000) and Kożuchowski 
and Żmudzka (2003), indicating a rise in the 
number of wet days in Poland. 

Unfortunately, this does not mean there is 
no risk of water defi cit in Poland. Indeed, just 
the opposite results can be anticipated, since 
the warming entails an increase in evapora-
tion.  The analyses of temperature trends for 
Poland shows that air temperature is rising 

and will rise in future, whereas the amount 
of precipitation will not change signifi cantly 
(Houghton et al. 2001). Such a situation will 
result in an increase in evaporation, ensuring 
that less water remains in the soil and avail-
able for runoff. 
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INTRODUCTION

Instrumental observations of European 
temperature records have revealed a warm-
ing since the end of the nineteenth century. 
This increase of temperature can be expressed 
only in terms of shifted distribution, or can 
also be accompanied by a change in shape. 
In the fi rst case the temperature distribution 
is shifted towards higher temperatures, such 
that the frequency of days with a temperature 
exceeding a given threshold is greater. While 
the width of the distribution changes there 
is modifi cation of the rate of change in the 
frequency of extremely warm days, enlarg-
ing it while widening and reducing it while 
narrowing. The changes in asymmetry could 
further modify the probability of extremely 
high temperatures occurring. So the warming 
corresponds with an increase in the frequen-

cy of heatwaves, but details of this increase 
are determined by changes in the shape of 
the distribution for maximum temperature. 

According to Katz and Brown (1992) 
relatively small changes in the mean of cli-
mate variables can induce marked changes in 
extreme events. The  frequency and severity 
of such events exert a considerable impact on 
society that is much stronger than the change 
in mean (Watson et al. 1996). 

According to the IPCC (2001): “An ex-
treme weather event is an event that is rare 
within its statistical reference distribution at 
a particular place. Defi nitions of ‘rare’ vary, 
but an extreme weather event would normal-
ly be as rare as or rarer than the 10th or 90th 
percentile. By defi nition, the characteristics 
of what is called extreme weather may vary 
from place to place.” 

An extreme climatic event can be defi ned 
on the basis of rarity, intensity or the impact 
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it exerts on society (Beniston and Stephen-
son 2004). The defi nition used in this paper 
is based mainly on heatwave intensity. 

The aim of this paper is to describe statis-
tical properties as regards the occurrence of 
heatwaves over the area of Poland, to analyse 
the synoptic conditions accompanying them 
and to check if there are any trends to the fre-
quency of occurrence of heatwaves. A heat-
wave is defi ned on the basis of maximum 
daily temperature and two temperature thresh-
olds are used: 25°C and 30°C. The former is 
used to defi ne :”very warm” days, the latter 
“hot” ones. The case of hot nights is also ana-
lysed, a threshold of 18°C for minimum daily 
temperature being applied as the criterion. 

DATA AND METHODS

The daily maximum and minimum tem-
peratures from seven Polish stations (Hel, 
Chojnice, Kalisz, Łódź, Poznań, Puławy and 
Siedlce) were used from the period 1951-
2006 (for Puławy 1951-1998). The data from 
Siedlce 1999-2006 were taken from ECA&D 
(<http://eca.knmi.nl>,  Klein Tank et al. 
2002). The locations of these stations are as 
presented in Fig. 1. In addition, daily grid-
ded geopotential heights from levels: 850, 
700 and 500 hPa and sea level pressure val-
ues from NCEP/NCAR reanalysis (Kalnay et 
al. 1996) in the period 1958-2005 were used 

to examine the pressure systems associated 
with the  occurrence of heatwaves. 

To describe the statistical properties 
characterising the occurrence of heatwaves 
occurrence, the mean monthly numbers of 
days with temperatures exceeding all select-
ed thresholds and their standard deviations 
were presented, together with distributions 
of the numbers of heatwaves in relation to 
their length (section 3).

The annual numbers of days and cumula-
tive totals of temperatures exceeding given 
thresholds were used to characterize the 
temporal characteristics of heatwaves. The 
long-term changes were assessed using lin-
ear regression with a t-test and Sen’s slope 
with the Kendal tau test (Wilks 1995). Linear 
regression methods assume that the distribu-
tion is normal or at least symmetrical. This 
assumption is not always true, so the Sen’s 
slope method (Sen 1968) was used for com-
parison (section 4). 

The composite maps for sea level pres-
sure (SLP) and geopotential height (GPH) 
of levels 850, 700 and 500 hpa and the 
thicknesses of levels 1000/850, 850/700 
and 700/500 hPa in days with temperature 
exceeding the threshold were calculated to 
describe the infl uence of atmospheric circu-
lation in the  European-North Atlantic region 
on the occurrence heatwaves  in Poland (sec-
tion 5). The Lund method of fi eld classifi ca-
tion (Lund 1963) was used for 700 hPa GPH 

Table 1. Annual mean (+ standard deviation), minimum and maximum numbers of days with tempera-
tures exceeding given thresholds in the period 1951-2006 (for Puławy 1951-1998).

Element Hel Chojnice Kalisz Poznań Łódź Siedlce Puławy

m
ea

n

18°C 2.2 0.9 2.4 2.8 2.6 1.2 2.5
25°C 10.4 25.1 39.3 39.9 37.5 36.9 38.4
30°C 0.5 3.3 8.4 9.1 7.2 5.7 6.1

st
. d

ev
. 18°C 2.96 1.32 3.00 2.76 2.55 1.51 2.05

25°C 6.20 10.31 11.85 12.81 12.20 11.91 10.76
30°C 1.16 4.39 6.10 6.78 5.95 5.36 5.87

m
in

18°C 0 0 0 0 0 0 0
25°C 4 15 26 26 24 23 25
30°C 0 0 0 0 1 0 0

m
ax

.

18°C 11 6 16 16 12 6 7
25°C 27 44 65 70 63 69 60
30°C 5 26 28 32 27 18 24
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fi elds, to distinguish the synoptic situations 
accompanying  heatwaves.

The objective circulation typology by 
Piotrowski (Piotrowski 2007) based on the 
subjective one from Osuchowska-Klein was 
also used to distinguish the synoptic condi-
tions associated with heatwaves.

A summary and discussion of results is 
presented in section 6.

INTRA-ANNUAL FREQUENCY 
DISTRIBUTION AND LENGTH OF 
HEATWAVES 

The mean annual number of days with 
maximum temperature ≥ 25°C varies from 
just over  10 at Hel to almost 40 in Poznań 
and Kalisz with standard deviations varying 
from 6.2 days at Hel to 12.8 days at Poznań 
(Table 1). Such days occurred each year in 
the analysed period. The smallest number of 
such days varied from 4 at Hel to 26 at Po-
znań and Kalisz. The largest annual number 
of very warm days varied from 27 at Hel to 
70 in Poznań. Their number was at a mini-

mum close to the seaside and a maximum in 
the Wielkopolska region.

Very warm days occurred from April 
through to October (Fig. 2). In April the av-
erage annual number of such days is close to 
0.5, but in particular years their number can 
even reach 8. Very warm days occurred most 
commonly in July, when their mean number 
varied from 4.4 at Hel to more than 12, but in 
particular years it can even be 29. 

Hot days are evidently less frequent. The 
mean annual numbers of days with a maxi-
mum temperature ≥ 30°C vary from 0.5 at 
Hel to more than 9 in Poznań, with standard 
deviation ranged from 1.2 days at Hel to more 
than 6.8 at Kalisz. Such days did not occur in 
each year of the analysed period. The highest 
annual number of warm days varied from 5 
at Hel to 32 in Poznań. 

Hot days occurred from May to Septem-
ber, but their mean annual frequencies in 
May and September did not exceed 1. They 
were most common in July, in which month  
mean frequencies vary from 0.3 at Hel to 
more than 4 in Poznań, but in certain years 
the total can reach 24 hot days. 

Figure 1. Location of stations.
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Hot nights (with a minimum temperature 
≥ 18°C) are much less frequent. Their mean 
annual number varies from below 1 at Cho-
jnice to almost 3 in Poznań, with standard 
deviation ranging from 1.3 at Chojnice to 
3 at Kalisz. Hot nights did not arise in each 
year of the analysed period. The highest an-
nual number of hot nights varied from 6 at 
Chojnice and Siedlce to 16 in Kalisz and 
Poznań.

Very warm and hot days as well as hot 
nights appear individually or in waves. Day-
long waves are the most common, but the 
number of days in such waves account for 
only between 10 and 20% of all very warm 
days, about 20% of all hot days and as many 

as one half of hot nights (Fig. 3, Table 2). 
The mean length of very warm waves varies 
from 1.77 days at Hel to 3.16 in Poznań. Hot-
day heatwaves are slightly shorter, and last 
from 1.4 days at Hel to 2.65 at Poznań. The 
shortest-duration phenomena are hot-night 
waves. They last from 1.19 days at Chojnice 
to 1.46 at Hel and Kalisz. The longest very 
warm waves in turn lasted more than 20 days 
(23 at Chojnice, 22 in Poznań). The long-
est hot heatwaves went on for 19 days. The 
shortest were the waves of hot nights, which  
never exceeded 10 days in length in the ana-
lysed period. 

Figure 2. Mean monthly frequencies of days exceeding given thresholds at all seven stations in the pe-
riod 1951-2006 (for Puławy 1951-1998).
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THE LONG-TERM VARIABILITY 
TO HEATWAVES

Long and intense heatwaves are relative-
ly rare. The annual number of days with tem-
perature exceeding 30°C is an indicator for 
both the length and the intensity of hot heat-
waves. During the period 1951-2006, a few 
extremely hot years can be distinguished, 
i.e. 1963, 1992, 1994 and 2006, with annual 
numbers of hot days exceeding 40 at almost 

all stations (Figure 4). The year-to-year vari-
ability in the frequency of very warm and hot 
days and hot nights is very marked (Fig. 5). 
Besides some extreme years, there are long-
term changes to be observed. The long-term 
course for annual numbers of extreme days 
did not show any distinguishable trend in the 
fi rst part of the period: 1951-1978, but an up-
ward  trend was evident in the second part 
– after 1978. The intensity of these trends 
and their statistical signifi cance were ana-

Table 2. Number of waves in relation to their length and number of days in these waves for very warm and hot 
days and hot nights at selected stations.

Chojnice
very warm days (Tmax≥25°C) hot days (Tmax≥30°C) hot nights (Tmin≥18°C)
No of waves No of days No of waves No of days No of waves No of days

1 day 197 197 44 44 35 35
2 days 100 200 19 38 6 12
3 days 87 261 8 24 1 3
4 days 43 172 5 20
5 days 19 95 4 20
6 days 13 78 1 6
7 days 9 63 1 7
8 days 8 64 1 8
9 days 11 99

10 days 3 30
>10 days 10 148 1 20

sum 500 1407 84 187 42 50
days/wave - 2.81 - 2.23 - 1.19

Hel
very warm days (Tmax≥25°C) hot days (Tmax≥30°C) hot nights (Tmin≥18°C)
No of waves No of days No of waves No of days No of waves No of days

1 day 204 204 15 15 62 62
2 days 72 144 3 6 12 24
3 days 24 72 1 3 6 18
4 days 13 52 1 4 1 4
5 days 5 25
6 days 7 42 1 6
7 days 2 14 1 7

>10 days 2 29
sum 329 582 20 28 83 121

days/wave - 1.77 - 1.40 - 1.46

Kalisz
very warm days (Tmax≥25°C) hot days (Tmax≥30°C) hot nights (Tmin≥18°C)
No of waves No of days No of waves No of days No of waves No of days

1 day 290 290 86 86 67 67
2 days 149 298 44 88 17 34
3 days 104 312 22 66 2 6
4 days 50 200 15 60 3 12
5 days 48 190 13 65 1 5
6 days 22 132 1 6
7 days 20 140 2 14
8 days 13 104 1 8
9 days 7 63 1 9 1 9

10 days 10 100 1 10
>10 days 24 323 4 58

sum 744 2052 190 470 91 133
days/wave - 2.76 - 2.47 - 1.46
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lyzed using linear regression estimated by 
the least square method and Sen’s slope. The 
fi rst method assumes that the distribution of 
extreme days is close to normal or at least 
symmetrical and is very sensitive to outliers. 
The second method makes no assumptions 
as regards data distribution and is not sen-
sitive to outliers. Tables 3 and 4 present the 
slopes and statistical signifi cances of trends 
on two time scales: in the whole analyzed 
period (1951-2006) and in the shorter period 
1979-2006, which corresponds to the strong 
warming in central Europe. All trends are 

positive indicating that heatwaves became 
more frequent, but trends in the second half 
of the analysed period are much clearer. The 
number of very warm days has increased 
evidently. At some stations the increase was 
of more than 8 days per decade. At the same 
time the increase in the number of hot days 
amounts only 2-4 days per decade. In turn, 
The most limited increase is characteristic 
for the number of hot nights. 

The slopes calculated by both methods 
are similar, but those assessed using regres-
sion analysis are stronger and more often 

Figure 3. Distribution of waves of hot and very warm days and hot nights in relation to their length at 
Hel, Łódź and Siedlce.
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Figure 4. Annual values of the cumulative sum of Celsius degrees above the threshold (tmax ≥30°C) at 
selected stations. 

Figure 5. Long-term courses of frequencies of days with temperature exceeding given thresholds. 
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signifi cant. Yet, because the distributions 
of extreme day frequencies are not close to 
Gaussian, the second method seems more 
robust. 

INFLUENCE OF CIRCULATION ON 
HEATWAVE OCCURRENCE

The set of days with tmax≥30°C at at 
least one of the analysed stations was es-
tablished. Mean sea level pressure (SLP) 
and geopotential heights at levels: 850, 
700 and 500 hPa were then calculated and 
fi elds for mean anomalies of pressure and 
geopotential heights between selected days 
and all days were calculated for all calendar 
months separately. Fig. 6 presents the fi elds 
of such anomalies and mean values in the 
case of hot days in July, the maps for other 
months not differing signifi cantly and not 
being shown. 

Hot days in Poland occur when there is 
a strong high pressure system over the North-
ern Atlantic with a centre near 35ºN and 
a ridge extending far towards the north-east. 
The climatological low near Iceland is weak 
or absent and there is a low over the Mid-
dle East. Over Central and Eastern Europe 
the pressure is higher than normal, and the 
greatest anomaly, exceeding 4 hPa, is located 
just on the east of Poland. At higher levels,  
strong positive anomalies are observed over 
Central and Eastern Europe with maximum 
on the north-eastern edge of the country, ex-
ceeding 50 m at the 850 hPa level in July, 80 
m at the 700 hPa level and 100 m at the 500 
hPa level. At the same time, the geopotential 
heights of all these levels are slightly lower 
over the Northern Atlantic to the west of the 
British Isles. The height of the geopotential 
levels reveals a stronger-than-normal south-
north gradient, and a ridge of higher values 
stretching from the eastern Mediterranean to 

Table 3. Linear trends in annual number of days with temperatures exceeding given thresholds [in days 
per decade] based on l
* signifi cant at 10% level, ** signifi cant at 5% level

station long period (1951-2006) short period (1979-2006)

18 °C 25 °C 30 °C 18 °C 25 °C 30 °C
Hel 0.64** 0.49 2.34 2.18** 0.00 0.10

Chojnice 0.07 1.32 0.87** 0.11 0.37 1.34
Kalisz 0.95** 1.65 0.67* 1.77** 6.58** 2.58**
Poznań 0.18 2.08* 1.26** 0.93 8.40** 4.68**
Łódź 0.68** 1.95* 0.96* 1.48** 7.68** 3.13**

Siedlce 0.19 0.35 0.26 0.66* 6.04** 3.09**

Table 4. Linear trends in annual number of days with temperatures exceeding given thresholds [in days 
per decade] based on Sen’s slope 
* signifi cant at 10% level, ** signifi cant at 5% level

Station
long period (1951-2006) short period (1979-2006)

18 °C 25 °C 30 °C 18 °C 25 °C 30 °C
Hel 0.00 0.20 0.00 1.67 1.79 0.00

Chojnice 0.00 1.20 0.43 0.00 0.38 0.93
Kalisz 0.57** 1.48 0.41 1.11* 6.49* 1.52
Poznań 0.00 2.03* 0.83 0.00 8.88** 4.14**
Łódź 0.54 1.67 0.67 1.32 7.43** 2.50*

Siedlce 0.00 0.00 0.43 0.00* 6.84** 2.86**

http://rcin.org.pl



41Heatwaves in Poland – Frequency, Trends and Relationships with Atmospheric Circulation

the north-east. The low over the Middle East 
is shallow and is not seen at geopotential lev-
els higher than 700 hPa. 

Simultaneously the thicknesses of levels 
1000/850 hPa, 850/700 hPa and 700/500 hPa 
are greater than usual over Western and Cen-
tral Europe (Fig.7). This means that a large 
amount of warmth is accumulated at these 
levels. At the same time it is easy to see that 
the higher the level the greater the surplus 
warmth. The greatest increase in geopotential 
level thicknesses is located just over Central 
Europe, and there is a small decrease over 
the eastern Atlantic near the British Isles. 

The Lund method was used to distinguish 
the synoptic types accompanying heatwaves in 

Poland. Firstly the set of days with tmax≥30°C 
at at least one analysed station was established, 
there being 511 such days in the period 1958-
2005 (the range of SLP and GPT data). Then the 
set of geopotential heights of 700 hPa level over 
the area ranging from 30°N to 80°N in latitude 
and from 60°W to 60°E in longitude with a step 
of 2.5° in both directions was prepared and clas-
sifi ed using the Lund method. This level was se-
lected because the geopotential wind at this level 
is close to the direction of air mass advection 
(Barnston and Livezey 1987). Six types were 
distinguished, and more than 70% of selected 
days shown to belong to one of these types. The 
model fi elds are presented in Fig. 8, and the de-
tails summarized in Table 5.  

Figure 6. Mean SLP and geopotential heights at 500, 700 and 850 hPa levels on selected days (shading), 
and anomalies between mean values on selected or all days in given months (isolines) both in geopoten-
tial meters. 
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The fi rst type is the most zonal circula-
tion with the lower heights of the 700 hPa 
surface in the north and higher ones in the 
south. There is a shift of high values to the 
north over Central Europe, with a maximum 
just at the longitude of Poland. There is an 
advection of warm air from the south-west 
into the Polish area strengthening the effect 
of strong radiation with clear sky condi-
tions. In the second type there are ridges 
of geopotential  height stretching from the 
south-west to the north-east,  and  from the 
north-east to the south-west. The Polish area 
lies just between them, so there is an intense 
warm advection from the south-west. In the 
third and fourth types there are well devel-
oped Icelandic lows and Azores highs. The 

low is just over Iceland, the high has a ridge 
extending far to the north-east. Poland lies 
in the area of the presence of a ridge of high 
pressure. The strong radiation in clear-sky 
conditions and the blocking high are favo-
rable to high temperatures. These two types 
differ in the intensity of the low-pressure 
system, which is stronger for the fourth type 
than for the third. In the case of the fi fth type 
the low-pressure system is more elongated, 
but the blocking high still prevents the low 
from wandering to the east towards Central 
Europe. In the last type there is no distinct 
pressure system. Pressure gradients are ex-
tremely weak and a clear sky and strong 
radiation are the main reasons for high tem-
peratures in Poland.

Figure 7. Mean thicknesses of 500/700, 700/850 and 850/1000 hPa levels on selected days (shading), 
and anomalies between mean values on selected and all days in given months (isolines) both in geo-
potential meters.
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According to objective circulation typol-
ogy developed by Piotrowski (Fig. 9), on 
the basis of the subjective one from Osu-
chowska-Klein, very warm and hot days oc-
cur mainly (68.7% and 59.8% of the time) 
during anticyclonic conditions , especially 
during days with southern and south-western 
anticyclonic circulations (18.8 and 24.8% 
respectively). Hot days can also occur with 
a cyclonic or mixed circulation from the 
southern sector. 

SUMMARY AND DISCUSSION

Very warm days in Poland occur from 
April to October, whereas the hot days and 
nights occur from May to September only, 
with maximal occurrence in July or August, 
as with hot nights. Very warm and hot days 
occur most frequently in the central part of 
Poland (Poznań, Kalisz and Łódź), where-
as the number of hot nights was relatively 

Figure 8. Geopotential heights at the 700 level (in geopotential meters) characteristic for synoptic types 
distinguished by the Lund method. 

Table 5. Characteristics of types distinguished by Lund’s method.

Type date of model situation number of days 
belonging to this type

percentage of days 
belonging to this type

1 16th August 2001 156 30.5%
2 7th July 1968 77 15.0%
3 17th July 1968 55 10.7%
4 26th July 1994 38 7.4%
5 24th July 1968 23 4.5%
6 14th July 1965 13 2.5%
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more frequent at the seaside (Hel). There is 
very marked year–on-year variability in the 
frequency of very warm and hot days. Dur-
ing the analyzed period there were a few 
summers with really severe heatwaves 
arising in 1963, 1992, 1994 and 2006. 
Less intensive heatwaves were observed in 
1952, 1964, 1971 and 1983. Overall, such 
a distribution indicates increasing frequen-
cy in the latter part of the analyzed period, 
but because of their irregular occurrence it 
is extremely diffi cult to assess the signifi -
cance of the increase. The t-test applied to 
linear regression results has shown really 
marked signifi cance, but the results are not 
robust if the distribution of the analyzed 
dataset is far from the Gaussian. The re-
sults obtained by the Sen’s slope method 
and tau test seem more realistic because 
the methods do not demand any assump-
tion as regards the dataset distribution. The 

trends obtained using this method are still 
positive, even though weaker. 

Warming in Poland is not uniform during 
the year, being strongest in late winter and 
spring, less marked in early winter and sum-
mer. In autumn cooling is observed in some 
places, though this is not statistically signifi cant 
(Kożuchowski 2004). At the same time, there 
are many places in Central Europe in which the 
means for extreme daily temperatures have in-
creased more than the mean daily values (Ben-
iston et al. 1994; Brazdil et al. 1996; Wibig and 
Głowicki 2002). Our results indicate that ex-
treme maximum temperatures have increased 
even more, and these can affect large numbers 
of mid-latitude residents, especially those liv-
ing in large cities – since this increase can be 
amplifi ed by the urban effect. 

Heatwaves occur when high-pressure 
systems are dominant over Central Europe, 
or there is strong advection from the south. 

Figure 9. Distribution of synoptic types for Poland after Piotrowski’s classifi cation in days with tmax 
≥25°C (upper graph) and tmax ≥30°C (lower graph).
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Because waves of hot and very warm days 
are rare across Poland, it is diffi cult to assess 
the probability of such an event on the ba-
sis of nothing more than the circulation type 
that occurs. Some analyses point to the role 
of the persistence of high-pressure systems. 
It appears that “more persistent circulation 
patterns tend to enhance the severity of heat 
waves and support more pronounced tem-
perature anomalies. Recent sharply rising 
trends in positive temperature extremes over 
Europe may be related to the greater persist-
ence of the circulation types, and if similar 
changes towards enhanced persistence af-
fect other mid-latitudinal regions, analogous 
consequences and implications for tempera-
ture extremes may be expected” (Huth and 
Kyselý 2008).
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Abstract: The daily minimum and maximum temperatures at nine stations in Poland were used in an 
analysis of the occurrence of coldwaves, where these are defi ned as days with temperatures exceeding 
selected thresholds (tmin ≤ -20°C, tmin ≤ -15°C and tmax ≤ -10°C) in the period 1951-2006. Cold nights 
occurred more often than very cold days and nights but the mean lengths of waves of cold nights  were 
similar – lasting a little more than 2 days on average.  The frequencies of extremely cold days revealed 
a slight,  but statistically non-signifi cant downward trend. The occurrence of coldwaves was associated 
with high-pressure systems over Central Europe and with blocking episodes, but it was always linked 
with a thick layer of cold air.

key words: extremely low temperature, trend, Sen’s slope, least squares method, Poland

INTRODUCTION

Extreme cold events exert a strong impact 
on the environment and society. However, 
instrumental observations of European tem-
perature records have revealed a warming 
since the end of the nineteenth century, while 
Central and Eastern Europe (and Poland) 
have witnessed winter minimum tempera-
tures increasing more than maxima (Heino et 
al., 1999, Wibig and Głowicki, 2002) Warm-
ing in the winter season in Central and East-
ern Europe is strongly related to atmospheric 
circulation, mainly the strengthening of the 
North Atlantic Oscillation (NAO). While an 
increase in mean daily and mean minimum 
temperature does not necessarily affect the 
frequency of extreme cold weather (Walsh et 
al., 2001),   a shift in the temperature distri-
bution towards higher temperatures, should 
cause the frequency of very cold days to 
drop considerably. However, an increase in 
temperature can be expressed by different 

changes in temperature distribution, so the 
infl uence of warming on cold-day frequency 
does not need to drop much. 

The severity and intensity of winters in 
Poland have been analysed by many authors. 
Kosiba (1956) quoted 49 indices describing 
winter severity, while Paczos (1985) offered 
yet further ones. In the European literature, 
long series of extreme thermal indices were 
presented by Klein Tank and Können (2003), 
and Moberg and Jones (2005). Winter severity 
in Kraków since the 19th century has in turn 
been described by Trepińska (1976), Piotro-
wicz (1998, 2003a, 2003b) and Domonokos 
and Piotrowicz (1998). All these authors in-
dicate that winters have been becoming more 
mild and less severe. Trends for the indices 
describing the mean severity or intensity of 
winters are statistically signifi cant. But even 
in a warmer climate series of days with very 
low temperatures – the so-called coldwaves 
- can occur, and can exert a dramatic impact 
on society and the environment. 
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The infl uence of atmospheric circulation 
on the frequency of cold events was analysed 
by Domonokos et al. (2003), who  found that 
northern, eastern, meridional and anticyclon-
ic circulation types are favorable to the oc-
currence of cold events in southern Poland. 
Łupikasza and Bielec-Bąkowska (2004) 
found that extremely cold events are more 
likely to occur during anticyclonic, as op-
posed to cyclonic situations, with the Ka, Ea, 
SEa and Ca types according to Niedźwiedź’s 
calendar being the most favorable. Depar-
tures of temperature from mean values for 
days with selected circulation types accord-
ing to Osuchowska-Klein during the period 
1966-1980 were analyzed by Paszyński and 
Niedźwiedź (1991)

The aim of this paper is to describe the 
statistical properties of the occurrence of 
coldwaves across Poland.

DATA AND METHODS

Use was made of daily minimum and 
maximum temperatures for nine Polish sta-
tions (Hel, Chojnice, Kalisz, Łódź, Poznań, 
Puławy, Siedlce, Zakopane and Śnieżka), 
the period 1951-2006 being represented (in 
the cases of Łódź and Siedlce 1951-March 
2006). The data from Siedlce 1999-2006 
were taken from the European Climate As-
sessment Dataset (<http://eca.knmi.nl>;  
Klein Tank et al., 2002). The locations of 
these stations are as presented on Figure 1 

and Table 1. The daily gridded geopotential 
heights from levels: 850, 700 and 500 hPa 
and sea level pressure values from NCEP/
NCAR reanalysis (Kalnay et al. 1996) were 
used to analyze the infl uence of circulation 
on the occurrence of coldwaves. 

Three temperature thresholds were 
used to defi ne extremely cold days: daily 
minimum temperature ≤ -15°C (hereinaf-
ter “cold” nights) and ≤ -20°C (“very cold” 
nights), and the daily maximum temperature 
≤ -10°C (“very cold” days). The choice of 
such thresholds was dictated by our desire 
to confi ne ourselves to truly extreme events, 
with a probability of occurrence in winter 
below 5% at the greater part of the analysed 
stations. As can be seen from Table 2 there 
were on average almost fi ve days per win-
ter with tmin ≤ -15°C, and under two days per 
winter with tmin ≤ -20°C and tmax ≤ -10°C. 
The last threshold corresponds with the so-
called “very frosty” days (Paszyński and 
Niedźwiedź, 1991). 

Statistical properties of the occurrence 
of coldwaves were described using mean 
monthly frequencies of days with tempera-
tures exceeding all the selected thresholds 
and their standard deviations. The frequen-
cies of coldwaves in relation to length were 
also analyzed (section 3).

Very cold nights and days (tmin ≤ -20°C and 
tmax ≤ -10°C) did not arise each year at nearly 
all the stations. It is therefore extremely dif-
fi cult to assess the temporal changes charac-
terizing  such series. The linear regression 

Table 1. Location of stations 

Station λ φ
Altitude

a.s.l
Lowest absolute temperature  1951-2006, with 

year of occurrence

Hel 18049’ 54036’ 1 -20.0ºC, 1956
Chojnice 17033’ 53042’ 172 -30.0ºC, 1956

Kalisz 18005’ 51044’ 140 -28.5ºC, 1987
Łódź 19024’ 51044’ 187 -31.1ºC, 1963

Poznań 16050’ 52025’ 86 -28.5ºC, 1987
Siedlce 22016’ 52011’ 146 -33.3ºC, 1987
Puławy 21058’ 51025’ 142 -31.0ºC, 1987

Zakopane 19057’ 49018’ 844 -34.1ºC, 1956
Śnieżka 15044’ 50044’ 1603 -33.9ºC, 1956
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estimated by the least squares method is not 
robust  in the case of such a dataset (Wilks, 
1995). It emerged that the Mann-Kendall test 
for trend detection in the version proposed by 
Sneyers (1990) also gave false results. Ulti-
mately, the Mann-Kendall test in the version 
described by Hipel and McLeod (1995) was 
applied. In this version, hypothesis H0 - that 
data come from a population of independent 
and identically-distributed random variables 
- is set against alternative hypothesis H1, that 
the data follow a monotonic trend over time. 
Under H0, the statistic S is given by:

,

where 

has a distribution fast approximating the 
gaussian  where sample size is increasing 
with the mean value 0 and variance Var(S), 
as given by the formula:

where k is the number of a tied group in the 
series and ti the number of data in the ith tied 
group. Giving consideration to the tied groups 
is crucial if test signifi cance is to be assessed. 

In the case of very cold days and nights 
the signifi cance of any downward trend was 

only assessed  without an attempt at estima-
tion of their slopes. In the case of cold nights 
(tmin≤-15°C), the assessment for the existence  
of a trend was augmented by slope estima-
tion by Sen’s slope and Kendall tau test (Sen, 
1968) and the linear regression estimated by 
the least square method (Wilks, 1995). The 
last method was only used for comparison, 
however, because it cannot be robust in the 
case considered (section 4).

The infl uence of atmospheric circulation 
in the European-North Atlantic region on 
coldwave occurrence in Poland was analysed 
using the composite maps of sea level pres-
sure (SLP) and geopotential height (GPH) of 
levels 850, 700 and 500 hpa and the thick-
nesses of levels 1000/850, 850/700 and 

Table 2. Statistical features of coldwaves in the period 1951-2006 (Puławy and Zakopane 1951-1998)

station
mean ± standard deviation
of annual number of days mean length of coldwaves

tmax≤-10°C tmin ≤-15°C tmin ≤-20°C tmax≤-10°C tmin ≤-15°C tmin ≤-20°C
Hel 0.23±1.21 0.71±1.85 0.02±0.41 1.63 1.77 1.00

Chojnice 1.75±3.25 4.98±6.37 1.05±3.37 1.96 2.21 1.84
Kalisz 1.73±4.13 4.83±6.24 1.32±5.95 2.11 2.53 1.95
Poznań 1.38±2.78 4.58±6.48 1.27±2.67 2.03 2.29 2.09
Łódź 1.63±3.17 5.98±6.92 1.63±3.17 2.27 2.37 1.86

Siedlce 3.46±5.15 9.98±9.88 3.46±5.73 2.32 2.69 2.19
Śnieżka 12.27±8.66 11.51±8.03 1.59±3.13 2.28 2.71 2.23
Puławy 2.81±4.59 7.40±8.59 2.40±4.29 2.14 2.55 1.89

Zakopane 2.83±4.33 13.89±9.76 3.56±5.75 2.16 2.46 2.07

Figure 1. Location of stations.
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700/500 hPa in days with temperature ex-
ceeding the threshold (section 5). The synop-
tic conditions accompanying the coldwaves 
were distinguished by means of the Lund 
fi eld classifi cation method (Lund, 1963) ap-
plied to 700 hPa  GPH fi elds. 

The objective circulation typology from 
Piotrowski (Piotrowski, 2007) as based on 
the subjective one from Osuchowska-Klein 
was also used to distinguish the synoptic 
situations accompanying coldwaves.

INTRA-ANNUAL FREQUENCY 
DISTRIBUTION AND LENGTH 
OF COLDWAVES

Very cold days and nights were extreme-
ly rare in Poland (Table 2, Fig. 2), occurring 
from November to March, and on Śnieżka also 
in April. At Hel, the minimum temperature 
dropped below -20°C only once in the analysed 
period, so its mean annual number of such 
events equals 0.02. Very cold days were a little 
more common and their number reached 0.23 
days/year. In the western part of the lowlands, 
represented by Kalisz, Poznań, Chojnice and 
Lódź, the very cold days and nights occurred 
about one and a half times per year on average, 
while at Puławy, Siedlce and Zakopane about 
3 days with such events were observed annu-
ally. At Śnieżka the mean annual number of 
very cold days exceeded 12, but the number of 
very cold nights was relatively small, at  only 
one and a half. The year–on-year variability 

was relatively high at all stations. The standard 
deviations of annual numbers of occurrences 
at each station other than Śnieżka were at least 
twice as great as the mean annual values. This 
means that there were several years with very 
cold days and nights, and a large number of 
years without such days.

At all stations cold nights were much 
more common. Their mean annual frequen-
cy of occurrence ranged from 0.7 at Hel to 
11.5 on Śnieżka and even 13.9 in Zakopane. 
Standard deviations for annual values were 
of the same order as the values themselves, 
so years without such days did occur, but 
were relatively rare. 

All coldwaves in Poland were short. Most 
of them at each station did not exceed a few 
days. The mean length of a coldwave varied 
from 1.63 at Hel to 2.69 at Siedlce. The ex-
ception was one day-long wave at Hel – this 
being the only day with a minimum tempera-
ture below -20°C observed at this station. The 
longest waves occurred at Puławy and Siedlce 
were of 19 days’ duration (Table 2, Fig. 3). 

THE LONG-TERM VARIABILITY 
OF COLDWAVES

Very cold days and nights were extremely 
rare in Poland. Only on Śnieżka did cold days 
occur in each year of the analysed period 
(Fig.4), but very cold days were even more rare 

Figure 2. Mean monthly number of days with tmax ≤ -10°C at all stations in the period 1951-2006 (for 
Puławy and Zakopane, 1951-1998).
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on Śnieżka than at other stations in Poland. Dur-
ing the period 1951-2006 a few extremely cold 
winters can be distinguished: in 1954, 1956, 
1963, 1970, 1985 and 1987. The last winter 
2005/2006 was very cold, but not extremely 
cold compared with other cold winters. 

Detecting trends in series with a standard 
deviation much greater than the mean value 

is extremely diffi cult. Series of annual num-
bers of days with tmin ≤ -20°C and tmax ≤ -10°C 
include many zero values. For this reason, 
the Mann-Kendall test for trend detection in 
the version proposed by Sneyers (1990) is 
not useful, while the other version described 
in section 2 can be applied. The values for 
this test are brought together in Table 3. They 

Figure 3. Distribution of waves of very cold days and nights and cold nights in relation to their length.
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all indicate a  downward trend, though in no 
case except Zakopane, are these statistically 
insignifi cant. 

Series of annual numbers of days with 
tmin ≤ -15°C are a little better. The number of 
0 values is small, but the standard deviation 
is still of the same order as the mean value. 
In the case of these series, the Mann-Kendall 
test for trend detection was supplemented by 
estimation of the linear slopes using the Sen’s 
slope and least squares methods. Almost all 
the slopes point to a downward trend, but 
only some of these achieve signifi cance at 
the 90% level (Table 3). 

INFLUENCE OF CIRCULATION ON 
COLDWAVE OCCURRENCE

The set of days with tmin≤-20°C at at 
least one of the analysed stations was estab-
lished, then  mean sea level pressure (SLP) 
and geopotential heights at levels: 850, 700 
and 500 hPa were calculated, and fi elds of 
mean anomalies of pressure and geopotential 
heights between selected days and all days 
calculated for all calendar months separate-
ly. Fig. 6 presents fi elds for such anomalies 
and mean values in the case of cold nights 
in January, the maps for other months being 
similar and so not being shown here.

Cold nights in Poland occur when there is 
a well-developed high pressure system over 
the Baltic area (Fig.6). A region of strong pos-
itive pressure anomalies  lies over the North 

Table 3. Analysis of trends: estimation of signifi cance and slope. 
* values signifi cant at the 90% level, ** values signifi cant at the 95% level

station
Mann-Kendall test trend (tmin ≤-15°C)

tmax ≤-10°C tmin ≤-15°C tmin ≤-20°C Sen’s slope linear regression
Hel 0.22 -0.46 -0.33 0.00 -0.19

Chojnice -0.17 -0.22 0.26 0.00 -0.25
Kalisz -0.59 -1.78 -1.08 -0.38* -0.89*
Poznań -0.34 -1.17 -1.01 0.00 -0.63
Łódź -0.90 -0.93 -0.90 -0.27* -0.64

Siedlce 0.12 -1.52 -0.95 0.00 -1.01
Śnieżka -1.56 -1.58 -0.62 -1.05* -0.96
Puławy 0.08 -1.37 -0.68 -0.91* -1.13

Zakopane -0.15 -3.56** -2.68** 0.00 -2.66**

Figure 4. Long-term course for annual frequen-
cies of days with tmax≤-10°C. 
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Atlantic between Iceland and the Scandina-
vian peninsula, whereas negative anomalies 
are located near the Azores. Such a position 
of SLP anomalies point to a negative phase of 
the North Atlantic Oscillation (NAO). High-
er geopotential levels lay higher than usual 
over the North Atlantic and Greenland, and 
lower than usual over Europe, except for its 
northern part. A tongue of warm air stretches 
to the north over the eastern part of the North 
Atlantic and a tongue of cold air stretches to 
Central Europe from the north-east. 

Tongues of cold and warm air can also 
be seen in Fig. 7, showing the thicknesses 
of selected geopotential levels (1000/850, 
850/700 and 700/500 hPa) on selected 
days, and anomalies associated with them. 
Anomaly fi elds make it clear that the air is 
much colder over the whole of Europe, with 
extreme coldness over Poland, and much 

greater warmth over south-eastern Green-
land. Such a picture confi rms the tempera-
ture seesaw between western Europe and 
eastern Greenland described previously by 
many authors.

The set of 216 days with tmin≤-20°C in 
the period 1958-2005 (full range of SLP and 
GPT data) at at least one of the analysed sta-
tions was established together with the ap-
propriate set of geopotential heights of 700 
hPa level over an area ranging from 30°N to 
80°N in latitude and from 60°W to 60°E in 
longitude with a step of 2.5° in both direc-
tions. The synoptic types accompanying the 
coldwaves in Poland were then classifi ed us-
ing the Lund method. Four types were distin-
guished and more than 86% of selected days 
belong to one of these. The model fi elds are 
presented by Fig. 8, and the details are sum-
marized in Table 4.  

Figure 5. Long-term course for monthly frequencies of days with tmin≤-15°C.
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The first type indicate that the 700 hPa 
surface lies higher over the climatologi-
cal position of the Iceland Low and lower 
over Central Europe. It corresponds with 
the existence of a cold air pool over Eu-
rope and a second pool of relatively warm 

air over the North Atlantic. It is accom-
panied by the advection of cold air from 
the north-east. In the second type the pool 
of cold air is located over north-eastern 
Europe, whereas warm air lies over south-
ern Europe and over the Azores. In such 

Table 4. Characteristics of types distinguished by Lund’s method.

Type date of model situation no. of days belonging to  type % days belonging to  type

1 7th  February 1960 100 46.3%
2 19th January 1963 44 20.4%
3 29th January 1963 34 15.7%
4 2nd January 1963 12 5.6%

Figure 6. Mean SLP and geopotential heights at 500, 700 and 850 hPa levels in selected days (shading) 
and anomalies between mean values in selected and all days in given months (isolines). 
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Figure 7. Mean thicknesses of 500/700, 700/850 and 850/1000 hPa levels in selected days (shading) and 
anomalies between mean values in selected and all days in given months (isolines).

Figure 8.  Characteristics of synoptic types distinguished by the Lund method at the 700 hPa level.
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a situation there is an advection of cold 
air from just to the north of the Polish 
area. In the third type there are two re-
gions of low positions of 700 hPa level. 
One of them is located over the central 
part of the North Atlantic, the second just 
to the south-east of Poland. Between them 
there is a ridge of high values of 700 hPa 

over Western Europe. Cold air comes to 
Poland from the north-west. The fourth 
type is slightly similar to the second. The 
highest values of 700 hPa level concen-
trate over the Atlantic to the west of the 
British Isles, while  low values occur over 
the White Sea. Cold air from the north-
west comes to Poland in this case.

Figure 9. Distribution of synoptic types for Poland according to Piotrowski’s classifi cation in days with 
tmin ≤-10°C (upper graph), tmax ≤-20°C (middle graph) and tmax ≤-15°C (lower graph).
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According to the objective circulation 
typology from Piotrowski (Fig. 9), as based 
on the subjective one by Osuchowska-Klein, 
the very cold and cold nights and very cold 
days occur mainly during anticyclonic days 
(79.5%, 77.3% and 80.9% of cases), and dur-
ing days with northeastern and eastern cy-
clonic circulation (9.1%, 12.1% and 14.3% 
of cases respectively). 

SUMMARY AND DISCUSSION

Very cold days and nights and cold nights 
can occur in Poland from November through 
to March, while in the mountains they also 
arise in April. They are most frequent in 
the east and in the mountains, and rarest by 
the sea. The year-on-year variability in the 
number of coldwaves is much greater than 
the mean values, so the estimation of trends 
and their signifi cance is extremely diffi cult 
and it is not possible to state that the apparent 
downward trend is signifi cant. Kyselý (2008) 
has shown that persistence of circulation pat-
terns has a strong impact on the severity of 
heat and cold events. Greater persistence 
causes the greater frequency and the greater 
severity of heat and cold waves. 

Mean daily temperature and mean 
minimum and maximum temperatures in 
winter reveal a signifi cant upward trend 
(Kożuchowski 2004; Wibig and Głowicki 
2002). The extreme coldwaves display 
a downward trend but this is not yet signifi -
cant. However, in milder winters coldwaves 
that do occur can exert a dramatic effect on 
the environment. During mild winters, trees 
that are not hardened are much more sen-
sitive to moderate frost than those during 
a cold winter are to severe frost. 
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Abstract: An important source of risk in agricultural production is the variability to crop yields refl ecting 
irregularly changing weather. This variability may be described as a stochastic process that has a func-
tion of density. Analyses of historical data on crop yields reveal that the function of density changed 
from right-skewed to left-skewed, along with increasing mean yields. All examined yields of crops 
cultivated recently in Poland demonstrate the left skew, which does not diminish with the aggregation 
of acreage. A fairly good approximation of the probability distribution for actual yields may be obtained 
using the log-normal distribution with an inverted abscissa. 

Keywords: crop yields, density function, log-normal distribution, area aggregation, scaling of  variance 

INTRODUCTION

Irregular inter-annual changes in yield are 
usually ascribed to weather conditions. This 
variability may be formalized and calculated 
on the basis of residuals in detrended  multi-
year series of yields.  Where a trend cannot 
be approximated by a low-order function (as 
during the economic transition in Poland), 
use may be made of the residuals of produc-
tion function (based mainly on agrochemi-
cals applied) (Fig. 1). Another method usable 
in determining residuals is the weather index 
(dimensionless WI, Fig. 2), which is a func-
tion of meteorological variables (Górski et 
al. 1994; Górski and Górska 1999), and may 
be treated as a percentage deviation from the  
expected value. 

The climatic variability of yields may 
be described as a stochastic process having 
a function of density, with the mean as the 
expected value. A knowledge of this function 

(i.e. the type of distribution and its parame-
ters) is necessary for the quantitative assess-
ment of  the probability of extreme situations 
(yield risk), because all the risk calculations 
are sensitive to  distributional assumptions 
(Nelson 1990). 

TYPES OF STATISTICAL DISTRIBUTION

As revealed by extensive studies of his-
torical and more recent data on yields (Day 
1965; Gallagher 1986; Ramirez et al. 2003; 
Sherrick et al. 2004), the form of the distribu-
tion depends on the crop, and may depend on 
the average yield level and many local or re-
gional conditions (mainly climatic). Biologi-
cal and technical progress has allowed mean 
values and standard deviations for yields to 
increase considerably over the last two cen-
turies. It may be stated that the coeffi cients of 
variability remain fairly stable (Austin and 
Arnold 1989; Górski and Górska 1999). 
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The determination of yield probability is 
also complicated by the type of  statistical 
distribution, which is often far from normal 
(Gaussian). This problem has been discussed 
widely (Gallagher 1986; Just and Weninger 
1999; Atwood et al. 2003; Ramirez et al. 
2003), with many cases of skewed distribu-
tions (both negative and positive) being de-
scribed.  

In the case of Poland, the density func-
tions for low cereal yields in the 18th cen-
tury were often skewed positively (Fig. 3), 
but later – at higher mean yields – the func-
tion tended towards normality (Fig. 4). The 
same trend might be observed elsewhere, for 
example in the Kansas series of wheat yields 
over the years 1866-2004 (Kansas Depart-
ment of Agriculture 2004). By the end of the 

Figure 1. Winter wheat yields in Poland.

Figure 2. Weather index (WI) for winter wheat in Poland. Main causes of low yields are indicated.
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Figure 3. Wheat yields on three Podolian estates (1770-1790). 
Source: Data after Rychlikowa (1968)

Figure 4. Relative frequency (%) of the Silesian yields of oats. 
Source: Data after Żytkowicz (1970)
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20th century, crop yields (now several times 
higher) usually had a negatively skewed dis-
tribution (Skees et al. 1997; Górski and Gór-
ska 1999). It may be argued that the shape of 
the distribution is an effect of limiting con-
ditions (Park and Sinclair 1993). In the fi rst 
case, the natural limit was zero yield, nowa-

days – the upper limit may be determined by 
the biological potential of the crop. In Po-
land, all crop species examined demonstrate 
greater or lesser negative skew for their  dis-
tributions (Fig. 5). All the recent data on crop 
yields came from the Central Statistical Of-
fi ce (GUS), with the exception of the results 

Figure 5. Climatic variability of mean yields in Poland (1955-2006).
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for farms  which derived from the Institute of 
Soil Science and Plant Cultivation (IUNG).

IMPACT OF AGGREGATION SCALE

The yield variance is shown to depend 
markedly on yield aggregation in space: from 
farm to national level. This regularity may be 
presented  (Górski and Górska 2003) as:

 ln V = ln v – b(n-1)0,2

 where V is the coeffi cient of yield vari-
ability in an aggregated area; v per unit area;   
n – the number of unit areas; b – the empiri-
cal parameter

Thus, for example, the coeffi cient of vari-
ability for  winter wheat yield in Poland in 
relation to acreage may be calculated after 
the equation: 

 ln V = 3,0 – 0,034 (n-1)0,2

where  n is area (ha) 

However, the calculations of probability 
are complicated by the lasting asymmetry of 
the density function. Because the weather is 
strongly correlated throughout the country, 

the central limit theorem of statistics does 
not apply in the case of aggregation of farm 
yields, and the distribution does not tend 
wardstowards normality.  The negative skew 
is apparent also at the region (county, voivod-
ship) and country level. Moreover, the nega-
tive skew in Poland is commonly greater at 
the country than at  the farm level (Fig. 6). 

Table 1 shows  the main quantiles of dis-
tribution function of winter wheat and potato 
yields in three scales of area aggregation. 
It may be seen that the crops differ in their 
spatial characteristics. The interpretation of 
such differences is possible on the basis of 
ecological features of the species.  

CONCLUDING REMARKS

The three parameter log-normal distri-
bution (Aitchison and Brown 1957) with an 
inverted abscissa gives a fairly good assess-
ment of the density function of actual yields. 

The random variable:  
 X = ln ( A – Y) 
where  A is the empirical parameter and 

Y  the yield,  has a normal distribution  and 

Figure 6. Climatic variability of potato yields in Poland.
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therefore a cumulative distribution func-
tion can readily be obtained from statistical 
tables. The parameter A (the starting point) 
may be determined using the method of 
quantiles (Q).

The following equation assumes symme-
try of distribution:

ln (A-Q50) – ln (A-Q5) = ln (A-Q95) – ln(A-Q50)
where Q5, Q50, Q95 are empirical quantiles

Hence, after simple transformations:
 A = (Q5  Q95 – Q50

2 ) / (Q5 + Q95 – 2  Q50)
Quantiles  Q5 and  Q95 can be replaced 

by another pair, in line with the quantity of 
empirical data and planned applications. The 
parameter  A  changes with the scale of ag-
gregation and should be calculated separate-
ly for each scale. The log-normal function of 
density approximates well the empirical his-
tograms of yields or WI values, particularly 
at the extremes (Fig. 7).

Knowing the parameters of the log-nor-
mal distribution, calculations of yield risk 
due to  extreme weather conditions become  
relatively precise, as long as the statistical 

distribution  of climate elements infl uencing 
yields may be treated as stationary. Climate 
change will complicate the issue. It seems 
that in such a situation special models of 
weather impact on crop yield  (among them 
weather indices) may improve risk calcula-
tions.
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Abstract: This article looks at certain socioeconomic consequences of extreme hydrometeorologi-
cal phenomena in the Polish Lowland, e.g. fl oods, droughts, hurricanes, heat and cold waves that have 
all become more intense in Poland over recent years. The particular focus is on the impact of extreme 
high temperature and severe cold events on socio-medical parameters such as mortality. The analysis is 
especially concerned with increased daily numbers of deaths in 3 large urban centers located in north-
east Poland. 

Key words:  extreme hydrometeorological phenomena, heat waves, cold waves, human mortality, 
Polish Lowland

INTRODUCTION

Changes in temperature are considered 
the main exogenous factor responsible for 
disturbances in functioning of the environ-
mental megasystem, be this the natural envi-
ronment or the anthropogenic. Leaving aside 
the ongoing dispute between scientists as re-
gards the causes of climate change and the 
prediction of further changes in successive 
centuries of the third millennium, the indis-
putable fact remains that the overall tempera-
ture increase from 1850-1899 to 2001-2005 
is of 0.76°C, while the global linear warming 
trend over the last 50 years is of 0.13°C (from 
0.10 to 0.16°C per decade) (IPCC 2007). The 
regions affected most markedly have been at 
mid and high latitudes, not least in the Arctic 
and in Europe. Since 1950, Central Europe 
has been subject to statistically signifi cant 

upward trends for maximum temperatures, as 
well as a small and non-signifi cant decrease 
in cold weather indexes. In Poland, for each 
successive 10–year period: the maximum air 
temperature rose by 0.1-0.2°C; the index for 
the duration of warm spells in turn revealed 
a lengthening of 2-3 days, while a non-sig-
nifi cant decrease in the index for the duration 
of cold spells is also to be noted (ECA&D; 
Przybylak et al. 2006). 

Extreme weather impacts not only upon 
the environment, but also upon human be-
ings. And among extreme weather phenome-
na the most frequent in Poland are heat waves 
and cold waves, which are associated with 
a great increase in morbidity and mortality 
rates. This is why they prove more danger-
ous to people than any other weather events, 
on account of their widespread and relatively 
frequent occurrence, especially in highly-
populated areas. In Poland, as in Europe as 
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a whole, the number of heat waves has in-
creased in recent decades. And, as the global 
climate continues to warm, the number and 
intensity of heat waves and the death tolls 
they give rise to might increase considerably. 
One example of such a situation was provid-
ed by summer 1994, which brought severe 
heat in Central Europe and the Benelux, last-
ing with some breaks from 26th June to 7th 
August (Sartor et al. 1995, Kyselý 2004). 
July 1994 was one of the hottest months ever 
noted in Poland (Kuchcik 2006). 

During another summer, that of 2003, 
both Western and Southern Europe were 
plagued by a record heat wave extending 
from northern Spain to the Czech Republic, 
and from Germany to Italy. It raised summer 
temperatures to levels 20 to 30% above the 
seasonal average and repeatedly produced 
maxima in the range 35 to 40°C. At least 
35,000 people died as a result of this heat 
wave in Europe, though with France suffering 
the worst losses (of more than 14,000 deaths, 
especially among the very old - Kosatsky 
2005). Such extreme weather conditions also 
have far-reaching adverse environmental ef-
fects on aquatic ecosystems and glaciers, as 
well as destroying crops and large areas of 
forest by way of the fi re they promote. The 
fi nancial losses resulting from Europe’s 2003 
heatwave are estimated to have exceeded 13 
billion euros (UNEP 2004).

Summer 2003 in Poland was within the 
norm – unlike July 2006, which was the hot-
test month recorded in almost 230 years of 
archives (notwithstanding the fact that ab-
solute temperature records set in 1994 were 
not broken). The heat wave lasted almost 
6 weeks. On most days of that month the 
maximum air temperature exceeded 30°C 
and minimum 20°C. Mean monthly air tem-
perature was of 5°C higher above normal and 
reached 23,5°C in Poznań or 23,1°C in War-
saw. July 2006 was the warmest-ever month 
on record also for the Netherlands, Germany, 
Denmark, the United Kingdom and south 
Sweden, though little was said about victims 
of this heat wave – perhaps because it hap-
pened in July and not in August – the typical 
holiday month for most European countries.  

Recent years have brought an intensifi ca-
tion of other phenomena attesting to a trans-
forming climate, like fl oods, droughts and 
severe gales. While there has been no signifi -
cant rise in the total number of fl ood or gale 
events, the intensities of those that do arise 
are greater, attesting to climatic changes at 
the end of the 20th century and beginning of 
the 21st that are qualitatively different – in 
terms of both rate and intensity – from those 
that took place  previously. 

However the aim of this article has thus 
been to assess the infl uence of extreme cold 
and hot weather especially on mortality 
in the chosen part of Poland, as well as to 
present some other socioeconomic outcomes 
of extreme climatic phenomena in the Polish 
Lowland. 

MATERIAL AND METHODS

When it came to the socioeconomic 
consequences provoked by the out-of-the-
ordinary atmospheric phenomena affl icting 
Poland over the last 10-20 years the fi rst step 
in the analysis was the collection of exist-
ing data. This was particularly the case for 
fl ooding – including the 1997 ”fl ood of the 
century”, gales (peaking at the one which 
occurred in 2002), droughts, hailstorms and 
snow-blizzards.

To delimit heat and cold waves, daily 
meteorological data and mortality character-
istics (general and cardiovascular mortality 
among people aged ≥ 65) were collected for 
selected towns and cities in the Polish Low-
land: Bialystok, Olsztyn and Warsaw (Fig. 
1). Hourly meteorological data cover the 10-
year period 1993-2002, but the analysis of 
mortality was carried out for the two shorter 
periods 1993-1996 and 1999-2002, the break 
in the years 1997-1998 refl ecting industrial 
action on the part of doctors, who refused to 
give causes of death. 

Heat and cold waves have been defi ned 
using the following defi nition. A heat wave 
is a period lasting a minimum of 6 days (5 
days where the start is in May or June) with 
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an apparent temperature calculated for 12 
UTC above the 95th annual percentile, and 
an increase of 2°C compared to the previous 
day. In the permissible 1–day breaks the ap-
parent temperature  may not drop below the 
90th percentile. 

Figure 1. Contour map of Poland. 

The formula of the apparent temperature 
is a simplifi ed algorithm compared to the 
fi rst one evaluated by R.G. Steadman (1984). 
It uses only two commonly measured inputs, 
of air temperature and dew point temperature 
(Kalkstein and Valimont 1986, Michelozzi et 
al. 2004). Assuming no wind or a light wind, 
it is given by: 

AT = -2.653 + 0.994 T + 0.0153 (Td)2

where: T – dry bulb temperature (°C), 
Td - dew point temperature (°C).

A cold wave is regarded as a period last-
ing a minimum of 6 days with a daily mini-
mum air temperature and mean daily air tem-
perature below the 5th annual percentile, and 
a decrease of 2°C compared to the previous 
day. In the possible 1–day break the mini-
mum air temperature and mean daily tem-
perature cannot exceed the 10th percentile 
(Kozłowska-Szczęsna et al. 2004).

The values of respective percentiles of 
apparent temperature and minimum and 
mean daily air temperature are:

app. temp. 
[°C]

t min [°C] t mean [°C]

95th 90th 5th 10th 5th 10th
Bialystok 26.2 23.6 -11.1 -7.1 -6.9 -3.8
Olsztyn 25.4 23.0 -9.6 -5.8 -5.8 -2.9
Warsaw 26.8 24.2 -8.8 -5.4 -5.4 -2.6

In defi ning heat and cold waves the rela-
tive thresholds (e.g. the 95th percentile of 
apparent temperature) were used to include 
the important issue of human adaptation to 
climatic conditions. The climatic differences 
between Bialystok, Olsztyn and Warsaw var-
ied greatly, even though the cities are rela-
tively close together geographically.

Next, using generalized additive mod-
els for each city and each cause of death it 
was possible to devise a unique statistical 
model describing the dependence of mortal-
ity upon weather conditions, as well as long-
term and seasonal changes in mortality. In 
this way a predicted number of deaths was 
obtained. Determined then was the relative 
death risk (RR) – the rate of deaths in a par-
ticular weather situation compared with the 
numbers of deaths on days with reference at-
mospheric conditions in each city, presented 
also as the percentage rise or fall in predicted 
numbers of deaths.

RR = number of deaths on days within 
heat and cold waves / number of deaths on 
days with no heat or cold waves

The relative risk of death and 95% confi -
dence intervals were calculated. If the value 
“1” was not in the range of the confi dence 
interval, it was concluded that there was an 
increased or decreased risk on specifi c days 
compared to the non-specifi c days.

RESULTS

Poland’s greatest ecological disasters 
caused by extreme hydrothermic phenomena 
took place in 1997 and 2002. Huge material 
losses resulted from them. The fi rst of the 
events involved fl ooding on a scale unprec-
edented in the 20th century. Between 5 and 
9 July 1997 rainfall in some parts of the Su-
deten Mountains reached 450-480 mm, ex-
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ceeding the monthly average by 200%. Max-
imum daily rainfall reached 200 mm. The 
water lever in Klodzko rose from 100 cm on 
4 July to 655 cm on 8 July, i.e. 70 cm higher 
than ever noted previously. The freshet in the 
Odra river basin appeared very fast, in some 
places only 9 hours past between the maxi-
mum rainfall and the culmination of the river 
water level. The then material losses exceed-
ed 9.7 bn PLN (3.2 bn USD), though were 
markedly greater in the west of the country. 
There was also massive harm done to resi-
dential and road infrastructure, extending 
to 50,000 residential, commercial and pub-
lic buildings, 6500 km of roads and railway 
lines, 1700 bridges and viaducts, and thou-
sands of hectares of cropland and grasslands. 
The fl ood caused 54 deaths, and necessitated 
the evacuation of more than 106,000 people 
from fl ooded or threatened areas.

The gale of 2002, which affected NE Po-
land, was in turn the cause of destruction of 
c. 10,000 ha of forest. On 4 July 2002, a hur-
ricane of momentary speed 170 km/h lasted 
only for 15-20 minutes but devastated a belt 
of  forest 130 km long and 15 km wide. The 
hurricane caused 13 injuries and over 500 
cases of damage to buildings and power 
lines. A single Forest District (that of Pisz) 
sustained losses over more than 4000 ha of 
forest, with more than 1.4 m. m3 of timber 
being laid fl at. Work to rectify the damage 
done then continues to this day. Ever strong-
er winds mean ever greater economic losses 
to both housing stock and agricultural and 
forest output. Greater damage also means 
greater diffi culty with extracting raw mate-
rials, and hence increased production costs. 
a more recent and more severe example of 
extreme wind was noted on 21st August 
2007. A huge supercell was moved from the 
south-east of Poland to the north-east. Above 
the Mazurian Lakes  it developed, the air 
temperature dropped from 28°C to 16°C and 
wind velocity suddenly increased to 35 m/s, 
causing a white squall. This storm caused 12 
deaths among those sailing on the lakes.

Another cause of disruption to the proper 
functioning of forest and agricultural ecosys-
tems is the intensifying drought phenomenon 

in the Polish Lowland. Such events remained 
a rarity in decades gone by, and were con-
fi ned to 10-20 days in spring or summer, if 
they occurred at all (Degórski 1990). Im-
proper hygrothermal relations resulting in 
shortfalls in soil humidity where the proper 
growth of vegetation is concerned, are char-
acteristic of ever longer periods during the 
year. They have readily-identifi able ecologi-
cal and economic consequences, e.g. inten-
sifying fi res. One of the severe droughts of 
recent decades affected Poland in 2006. In 
the west of the country July rainfall reached 
about 10 mm while normally it is 70-80 mm. 
6 weeks of heat almost without rain resulted 
in a drought that started in June and in July 
and in many places became hydrological 
drought – the last and most dangerous stage. 

Floods, droughts and gales induce huge 
socio-economic losses and take lives. Despite 
the fact they have occurred more often in re-
cent years they are still sporadic hydromete-
orological phenomena. More common and 
more frequent among the extreme weather 
events, though still taking many lives, are the 
heat and cold waves. 

The climate in Poland changes from 
a milder one under maritime infl uences in the 
west through to a more severe, continental 
one in the north-east. Annual mean air tem-
peratures vary from 7.4ºC in Bialystok (the 
north-east), via 8.4°C in Warsaw to 9.2ºC in 
Wroclaw (south-west). The north-east area, 
which was studied, represents the coldest 
part of Poland and includes three specifi c 
cities:  1) the capital Warsaw, which is the 
largest city in Poland with the highest stand-
ard of living, the highest average salary, the 
least number of persons per dwelling and 
a negative natural increase  meaning that 
more people die than are born. 2) Bialystok 
which is the “coldest” of the big cities among 
those with at least 100,000 inhabitants, with 
a high unemployment rate (13.3%) and low 
monthly salaries. 3) Olsztyn is the “healthi-
est” city. It has low pollution levels, with 
a milder climate than Bialystok and with one 
of Poland’s lowest mortality rates (6.7 deaths 
per thousand).
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A

B

C

Polish heat waves are noted from May to 
August. In the north-east of the country more 
than 50% of them occur in July and 27% in 
August, while 23% start in May or June. In 
line with the defi nition accepted, the largest 
number of heat waves has been characteristic 

of Olsztyn, while the longest heat waves oc-
curred in Bialystok and the hottest and most 
burdensome ones were in Warsaw (Table 2). 
Comparing with the means for Poland, it is 
thus clear that heat waves occur more often 
in the north-east than in the rest of the area. 

Table 1. General air temperature and population characteristics of the 3 analyzed cities.

city

tmax / tmin 
tmean*
 [ºC]

2002 daily no. of deaths**

population death/100 
inhabitants

rate of 
natural 
increase

all all≥65 cv≥65

Bialystok 35.5/ -29.3
7.4 291,660 7.5 2.0 5.6 3.8 2.1

Olsztyn 36.1/-27.5
7.7 172,467 6.7 0.7 3.0 2.0 0.9

Warsaw 36.4/-21.6
8.4 1,688,194 10.3 -2.1 46.7 34.2 18.4

* - data from 1993-2002; ** - daily numbers of deaths in years 1993-1996 and 1999-2002.

Figure 2. The age population structure (A), yearly course of mean daily numbers of deaths by selected 
causes (B) and the nonlinear relationship between mean daily air temperature and total mortality from 
all causes (1993-1996, 1999-2002) (C) in the 3 analyzed cities.
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Table 2. The numbers, lengths and mean air temperatures of all heat waves and cold waves 
affecting the analyzed cities over the period 1993-2002. 

city
HEAT WAVES COLD WAVES

no. mean 
length

max.
length

Tmax Tmin no. mean 
length

max.
length

Tmax Tmin

Bialystok 7 9.9 17 29.4 15.0 8 8.6 17 -8.2 -17.8
Olsztyn 10 7.5 15 28.8 14.7 6 9.3 14 -7.0 -17.1
Warsaw 9 7.6 16 30.1 16.7 7 10.4 24 -6.4 -14.5
mean - Poland 7.1 8.9 21 29.3 15.6 6.4 9.8 24 ? ?

 A       

B

Figure 3. Daily deaths tolls (observed and predicted) during the heat wave in summer 1994 (A) and the 
cold wave in winter 1996/97 (B) in Warsaw.
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During the analyzed period, the greatest 
heat wave occurred in summer 1994.  Then, 
Bialystok suffered from the heat once (25 
July – 7 August), Olsztyn twice (11 - 16 July 
and 23 July - 6 August) and Warsaw three 
times (26 - 30 June, 10 – 17 July and 23 
July – 7 August). The temperatures reached 
35.5°C in Bialystok, 36.1ºC in Olsztyn, and 
36.4ºC in Warsaw - exceptional values for 
Poland that were immediately refl ected in 
a rise in numbers of deaths to between 50 and 
230% above the expected level. 

While in Bialystok and Olsztyn - despite 
the major percentage rises in mortality - the 
results were not statistically signifi cant (be-
cause the value “1” appears in the range of 
the confi dence interval),  In Warsaw, the 
relative risk of death from all causes among 
people over 65 years of age was 1.33 (1.23-
1.44, with a 95% confi dence interval), while 
that from cardiovascular disease was 1.37 
(1.24-1.52) – statistically signifi cant values 
relating to respective 33 and 37% rises in 
mortality during heat waves as compared 
to mild weather conditions. During the said 
heat wave in Warsaw there were an extra 
132 deaths (77 from cardiovascular diseas-
es) though considering the ”harvesting ef-
fect”, i.e. a compensatory decrease in over-
all mortality during the subsequent 30 days 

after a heat wave, the absolute number of 
heat wave-related deaths among the elderly 
reached 47 (Fig. 3A) (Kuchcik 2001, 2006; 
Kuchcik and Blażejczyk 2005).  

In the coldest part of Poland (as repre-
sented by Bialystok and Olsztyn), heat waves 
generally generate only a non-signifi cant rise 
in death rates, or even a decrease in mortal-
ity. Only in Warsaw during July heat waves 
is there a signifi cant rise in deaths charac-
terized by a narrow confi dence interval and 
hence reinforcing the signifi cance of this 
fi nding (Table 3).

While cold spells are noted from No-
vember to February, most of them start in 
December and are inclined to last until Janu-
ary – these are the longest and most severe 
periods of cold. Cold spells in the north-east 
of Poland are of greater duration than those 
elsewhere, 54% of them lasting 8 days and 
more (cf. 44% in Poland as a whole). The 
most frequent and severe cold periods are 
those noted in Bialystok, though the defi ni-
tion applied leaves the longest cold spell one 
that occurred in Warsaw and lasted from 20th 
December 1996 to 12th January 1997. Dur-
ing that particular period of cold weather, the 
minimum air temperature fell to -29.3°C in 
Bialystok, -23.5°C in Olsztyn and -21.6°C 
in Warsaw, maximum air temperatures were 

Table 3. Relative risk of death from all causes and from cardiovascular diseases among the elderly (aged 
65 and over) during heat and cold waves. And lower and upper limits of 95% confi dence intervals. Years 
1993-1996 and 1999-2002.

Bialystok Olsztyn Warsaw Poland
all cv all cv all cv all cv

HEAT WAVES

V-VI 1.04 1.01 0.94 1.11 - - 1.15 1.18
0.71 1.53 0.62 1.63 0.61 1.44 0.64 1.94 - - - - 1.07 1.23 1.08 1.28

VII 1.05 1.10 1.05 1.14 1.15 1.21 1.19 1.22
0.89 1.23 0.89 1.37 0.82 1.13 1.30 1.60 1.10 1.22 1.13 1.30 1.16 1.22 1.17 1.27

VIII 1.13 1.36 0.87 1.19 1.03 0.99 1.03 1.01
0.78 1.64 0.83 2.24 0.58 1.31 0.68 2.07 0.93 1.13 0.87 1.13 0.98 1.09 0.95 1.08

COLD WAVES
RR 1.20 1.31 1.21 1.13 1.05 1.04 1.08 1.08

RR
L RRU 1.06 1.37 1.12 1.54 0.99 1.48 0.85 1.51 1.01 1.10 0.98 1.10 1.05 1.10 1.05 1.11

RR- relative risk, RRL – lower limit of 95% confi dence interval, RRU – upper limit of 95% confi dence 
interval, bold values – statistically signifi cant at the 0.05 level. 
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respectively -17.3°C, -15.8°C and -12.7°C. 
The air pressure in all cities exceeded 1027 
hPa, the sky was cloudless and the air was ex-
tremely dry with water vapour pressure close 
to 1 hPa. The negative effect of such severe 
weather conditions was distinct, because the 
drop in temperature was immediately fol-
lowed by an increase in numbers of deaths 
among the elderly. Regrettably, the period 
from the beginning of 1997 lacks data due to 
the physicians’ strike, so there is no possibil-
ity of computing the infl uence of this special 
cold spell on the population (Fig. 3B).

When all cold spells were taken together, 
the mean relative risk of death in the meta-
analysis was found to be positive in each 
city and for each cause of death. This means 
that cold spells are always unfavourable for 
human beings, and usually lead to a rise in 
mortality. In Bialystok during cold spells, the 
relative risk of death among elderly people 
is 1.20 from all causes and 1.31 from car-
diovascular diseases – both results of major 
statistical signifi cance, and the highest val-
ues calculated for Poland. In Olsztyn, the 
rise in mortality during cold spells is con-
siderable, yet statistically non-signifi cant. In 
Warsaw, only total mortality was associated 
with a signifi cant if very small dependence 
on cold. Cold spells in the coldest part of 
Poland can thus be said to produce a greater 
rise in mortality than those in other regions 
(Table 3). 

CONCLUSIONS

The research results presented here point 
to socioeconomic consequences of the cli-
mate changes observable in the Polish Low-
land in recent decades. Extreme phenomena 
such as fl oods resulted in huge economic 
losses, especially in large and dense populat-
ed cities. Extreme heat exerts a strong infl u-
ence in increasing risks of human mortality, 
mainly among the urban population in which 
a heat wave is intensifi ed by urban heat is-
land. In a heat wave both high temperatures 
during the day and high night-time tempera-
tures resulting from night heat emissions ef-

fect mainly the seniors, and this is a particu-
lar problem in an ageing society. 

In general, in the north-east of Poland 
(where the climate is coldest and most con-
tinental), the impact of heat waves on mor-
tality is found to be much more limited than 
elsewhere in the country (non-signifi cant 
compared with a 19-22% rise calculated for 
the whole of Poland), while the impact of 
a cold spell is much greater (a rise in mortal-
ity up to 31% compared with the 8% average 
for Poland). 

Extreme weather-related mortality as-
sumes new signifi cance when account is 
taken of the established climate changes in 
Europe, as well as the projections for the 
course of changes in future. For Poland in the 
period up to the end of the 21st century, the 
climate models predict a rise in maximum 
air temperature of 4-6°C (compared with 
the period 1961-1990), and a rise in mean 
annual air temperature of at least 1.6°C as 
well as a maintained trend for greater rises 
in air temperature during the cold season 
(PRUDENCE). Heat waves are projected to 
become more frequent and more intense dur-
ing the twenty-fi rst century, such that every 
second summer may look like summer 2003 
in south-west Europe. The example of such 
a scenario came to Poland in summer 2006, 
with its heat wave lasting almost one month, 
with 2 months of drought and fl ooding at the 
end. Thus annual excess summertime mor-
tality is thought likely to increase, though 
reduced numbers of winter deaths caused by 
the decreased likelihood of cold spells may 
more than offset the increase in numbers of 
summer deaths. However, even in the pres-
ence of precisely-calculated indices for mor-
tality during past situations, estimations of 
future impacts have to take account of one 
major unknown, i.e. whether or not the popu-
lation will be able to adapt and acclimatise to 
changes in climate (WHO 2003).

This is especially true when account is 
taken of the last IPCC report (2007) indi-
cating that eleven of the last twelve years 
(1995-2006) were among the 12 warmest 
years relative to global surface temperature 
since 1850. And that trend of a warming cli-
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mate is even more marked than predicted in 
previous reports. Leaving aside the question 
of whether these climate changes are natu-
ral or anthropogenic, it is certain that in the 
coming years Polish society as a whole will 
be exposed to weather extremes and the wide 
range of associated consequences.  
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Abstract: When estimating the reach of the fl ood zones, a mathematical model that describes 
the fl ood wave propagation, as well as the digital elevation models can be used. In this study, 
a two step approach has been applied. In the fi rst step, in order to fi nd the most relevant 
fl ooding areas, a one dimensional hydraulic model HEC-RAS has been used, which assumes 
steady state fl ow conditions and a discharge of Qp1% = 7210 m3/s and Q p 0.1%= 9960 m3/s. 
The segment of the Vistula Valley analysed is 47.05 km long. In the second step, a smaller 
area has been analysed using the 2D hydraulic model of shallow water fl ow which is based on 
the Roe scheme of fi nite volume method. 

Key words: Warsaw, Vistula River, fl ood zone maps, inundation modelling

INTRODUCTION

Large cities have historically been dis-
proportionately well protected against fl oods, 
which has been a refl ection of their power. 
Urban fl ood disasters were signifi cantly re-
duced because of the establishment of low 
dikes at the beginning of the nineteenth cen-
tury, but urban areas grew and their infra-
structure became more consolidated during 
the twentieth century. There is a tendency for 
low density suburbs to spread near European 
cities, including onto fl oodplains. Another 
factor is the shift in the location of industries, 
with many export oriented companies look-
ing for a location downstream of fl oodplains, 
especially along navigable waterways, like, 

for example, London, Roterdam, the Hague 
and Le Havre. Furthermore, old river cities 
are experiencing changes when it comes to 
fl ood hazard potential as a result of redevel-
opment projects that focus on making water-
front areas more attractive. Some good ex-
amples of these include London, Manchester, 
Berlin, Hamburg, Warsaw, where neglected 
and outdated buildings have been replaced 
by new up-market apartments, cultural fa-
cilities, university and government offi ces 
(Mitchell 2003). Low value investments are 
replaced by those of higher value, located in 
fl ood hazard zones.

In Poland the creation of fl ood hazard 
maps was required by Article 82 of the Water 
Act that came into force from 18 July 2001. 
It calls for the creation of fl ood hazard maps 
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for both areas that are unprotected and those 
that are protected by dikes further down the 
major rivers. Flood maps (referred to as fl ood 
risk maps) are created  for planning purposes 
or for the needs of insurance companies. In 
practice, the Polish water authorities respon-
sible for fl ood protection in the upper parts of 
the Oder and Vistula Rivers have delineated 
two types of fl ood zones (Drożdżal 2006). 
First is a direct risk zone which corresponds 
with the riparian area, and it also covers those 
places where fl ood protective dikes are not 
high enough to contain the fl ood. The second 
type is zones of potential risk where if the 
fl ood dikes were to be breached, this would 
lead to the inundation of the protected fl ood-
plain area. The information about potential 
fl ooding must contain data like:

• the time of the fl ood wave arrival at 
some characteristic points of the inun-
dated area,

• extreme water depth, and velocity in the 
fl ooded area,

• the duration and range of the fl ooding.
Within those direct risk fl ood areas that are 

most vulnerable, construction of permanent 
buildings is forbidden. In zones of potential 
fl ooding it is assumed that during inundation 
water fl ows with a slower velocity and is not 
as deep, which is why construction is allowed 
in this zone, under certain conditions.

The magnitude of a fl ood is usually ex-
pressed in terms of the probability or of the 
return period. For example, in the upper 
reaches of the Vistula River the fl ood maps 
for unprotected areas are made for discharg-
es with a probability of p=50%, 20%, 10%, 
5%, 3.33%, 1%, 0.2%; and for dike protect-
ed areas of p=1%, 0.2% (Grela et al. 2006). 
With the spatial data that is available today, 
the visualization of the fl ood reach is usually 
made on the digital elevation models and 
maps of ortophotomaps. The elevation of 
fl ood waters is obtained from water stage ob-
servations or mathematical models of fl ood 
wave propagation. Polish legislation does not 
specify the mathematical models or numeri-
cal tools needed to simulate the fl ood wave 
propagation for fl ood hazard mapping. How-
ever, some suggestions can be found in the 

Polish literature (Nachlik et al. 2000; Rad-
czuk et al. 2001). Software that can be used 
for this purpose shows that the complexity of 
the mathematical models vary from the one 
dimensional Bernoulli steady fl ow equation 
and the Saint-Venant unsteady fl ow equa-
tions (for example in HEC-RAS and MIKE 
11 computation systems) to the two dimen-
sional depth averaged Navier-Stokes in un-
steady shallow water fl ow equations (MIKE 
21, NCCHE2D, WOLF). 

 

STUDY SITE DESCRIPTION

The creation of the Vistula Valley near 
Warsaw was a consequence of the fl uvial 
processes taking place during the Quater-
nary at the fi nal stages of the last glacia-
tion and the Holocene. The width of low-
est over-fl ood terrace varies from between 
some 6 km in the area of the Praga district, 
to just several dozen meters on the left bank 
in the area of the Old Town. The beginning 
of the river training works in the Vistula 
River channel dates back to the catastrophic 
fl ood of July 1884 and the beginning of the 
construction of the water uptake for the city 
water supply system. In the years 1893-1910 
the river training work was conducted along 
both banks of the river. It was assumed that 
the width of the regulation route of the river 
was 340 m. Then, in the years 1923-1931, 
further regulation work was carried out, 
with the purpose of protecting the shores 
and the dikes that had recently been built 
in 1924.

Immediately after World War II the river 
channel of the Vistula in Warsaw became 
a dumping ground for debris. This caused the 
high-discharge cross sections in some areas 
to be reduced by 50% in comparison with the 
middle Vistula, forming the so-called War-
saw “corset” along the segment of 507-517 
km. A little further upstream of the Śląsko-
Dąbrowski Bridge the channel of the Vistula 
becomes narrower to approximately 350 m. 
Such a signifi cant narrowing of the channel 
in the entire middle and lower course of the 
river is unique. 
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As a result of the training works, in the 
years 1921-1953 the channel bottom ordi-
nate decreased on average by 15 cm per an-
num, and in the following years 1953-1959 
it decreased as much as 9 cm per annum 
(Bogdanowicz et al. 2000). The narrowing 
of the high discharge channel caused an in-
crease in the range of the water stages, and 
an increase in the water fl ow velocity and its 
eroding force.

According to the designs of the Central 
Water Management Bureau, from the 1960s 
onwards the fl ood defences were designed 
to protect the city against a fl ood that has 
a frequency of once every thousand years 
(Qp  0.1%) with the protection dikes set at 
a distance of 400-600 m. Outside of Warsaw, 
upstream and downstream, the protection 
dikes are set at a distance of 1000-1700 m 
and shield agricultural areas against the in-
undation caused by a fl ood of Qp 1%.

The mean annual discharge of the Vistula 
at the profi le of the Warsaw Haven in the 
years 1951-1995 was 561 m3/s. The largest 
fl ood in the 19th century occurred in 1813, 
when the lowest parts of the town were inun-
dated, as well as the suburban areas between 
Wilanów and Kazuń. The highest discharge 
measured during the March 1924 fl ood was 
5860 m3/s. The Qp 1% discharge, is 7210 
m3/s, which is an estimate taken from the 
data covering the period 1921-1997 (Wierz-
bicki 2001). Fal and Dąbrowski (2001) es-
tablished, on the basis of the 200 year series 
of maximum water levels and the archival 
discharge curve, that the Qp 0.1% discharge 
is equal to 9,960 m3/s.

METHOD

Recently there have been a number of 
studies on the fl ooding of urban areas (Hański 
et al. 2006; Mark et al. 2004; Dewals et al. 
2002; Haider et al. 2003; Chen et al. 2005; 
Sole and Zuccaro 2005). The common practice 
has been the application of one hydrodynamic 
model, which results in the form of water sur-
face elevations, which are then compared with 
the digital elevation model (DEM). 

In our study, the two step approach has 
been applied. For practical reasons (the time of 
computation) in the fi rst step, in order to fi nd 
the most relevant fl ooding areas, a one dimen-
sional hydraulic model HEC-RAS (US Army 
Corps of Engineers Hydrologic Engineering 
Center) has been used. In the study, the calcu-
lation was made by assuming the existence of 
steady state fl ow conditions and a discharge 
of Qp 1%= 7,210 m3/s and Qp 0.1%= 9,960 
m3/s; energy losses were evaluated by a fric-
tion equation (Manning’s). The segment of the 
Vistula Valley that was analysed encompasses 
the stretch from the vicinity of Józefów down 
to Ławice Kiełpińskie, which has a length of 
47.05 km (i.e. between 494.76 and 541.81 
km of the river course). DEM data has been 
compiled from various sources, including 
echo sounder measurements carried out from 
24 to 30 September 1998 on the reach of the 
Vistula River between 490.760 and 541.800 
km, photogrametric derived elevation data of 
the fl oodplain area provided by the District 
Geodesic and Cartographic Department, and 
data for the area behind the dikes provided 
by the Offi ce of the Surveyor of the Mazow-
ieckie Voivodship. The elevation data were 
merged into one fi le containing around 0.77 
million points, and a raster digital model of 
relief (DEM) with a resolution of 20x20 m 
was interpolated with a procedure of inverse 
distances. The Manning roughness coeffi cient 
values were estimated on the basis of land use 
maps and air photographs for the area between 
the dikes. The following values of the rough-
ness coeffi cient were adopted: the channel of 
the Vistula River, 0.03; meadows, 0.04; sin-
gle trees, 0.045; arable land, 0.05; orchards, 
0.055; forests, 0.12; osiers and bushes, 0.15; 
roads and boulevards, 0.02. These values of 
the roughness coeffi cients have been found in 
a previous study (Soczyńska et al. 2002), and 
verifi ed during model calibration, in order to 
match up the water table ordinates obtained 
from HEC-RAS calculations to fi eld measure-
ments from 1998 (Wierzbicki 2001). 

Flood zone ranges for the discharge Qp 1% 
and Qp 0.1% have been obtained by imposing 
the water table models on the DEM using the 
map algebra function of ILWIS 3.3 software 
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(Gutry-Korycka et al. 2006). In present condi-
tions, the elevations of fl ood protection dikes 
are suffi cient to convey the Qp 1% discharge. 
Were the Qp 0.1% discharge to occur the dikes 
would not guarantee the protection of an im-
portant part of the city. From that analysis, 
three fl ood risk areas have been selected that 
represent the districts of Łomianki, Saska 
Kępa and Wilanów (Fig. 1).

In the second stage, a smaller area has 
been analyzed using the 2D hydraulic model 
developed by Szydłowski (2001). It is a mod-
el of shallow water fl ow solved using the Roe 
scheme of the fi nite volume method. The nu-
merical algorithm was prepared and tested in 
order to simulate the fl ood wave propagation 
that results from dam break events in natural 
river valleys (Szydłowski 2003) and which 
are then adapted to allow them to fl ow in ur-
ban areas (Szydłowski 2005).

There is always some level of uncertainty 
in potential fl ood modelling when it comes 
to the selection of dikes’ breach points. We 
have taken into consideration river channel 
morphology, the orientation of the current 
and the dikes, and the pattern of fl ood related 
forms on the fl oodplain behind the dikes.

To represent the relief in the vicinity of 
the dike breach a triangular irregular compu-
tational mesh has been used, which allows 
local densifi cation in the area of special in-
terest. Additional data for calculation include 
the dike crest elevation, and the elevation of 
the water level in the channel at a given fl ood 
magnitude. It has been assumed that the dike 
breach has a width of 100 m and a depth that 
is immediately equal to the height of the 
dike. This simplifi cation is justifi ed when 
one bears in mind the dimension of the whole 
area represented in the model.

There is another problem that is related to 
the representation of single buildings in the 
model. The computational mesh is coarse, so 
these objects cannot be represented as islands 
around which water fl ows while they are not 
inundated. If we try to include the elevations 
of the buildings to the DEM and use it as in-
put data for the hydrodynamic model, then 
we encounter the problem of local, extremely 
steep bed gradients, which leads to numeri-

cal instability in the computation. Due to this 
limitation it has been decided to represent the 
larger blocks of buildings by the assignment 
of a proper Manning roughness coeffi cient. 

RESULTS

Our fi rst results obtained from the 1D mod-
el, which shows the range of the potential fl ood 
zone, are different from previous studies that 
have been undertaken by Jacewicz (2000), and 
are better fi tted to the fl oodplain morphology. 
The accuracy of our calculations is enhanced 
mainly because of the more realistic represen-
tation of the river channel morphology and the 
fl oodplain relief. Then, if we compare the fl ood 
range obtained from the 2D model, it is evi-
dent that the one dimensional approach based 
on water level extrapolation does not take into 
consideration the principle of mass conserva-
tion. Areas that have local depressions, like ox-
bows and paleochannels, store water and this 
results in a smaller area of inundation.

The results for the segment of the chan-
nel between 514 and 515.5 km on the right-
hand bank indicate a threat to the Zoological 
Garden, which is protected by a dike whose 
height is inadequate. Likewise, Praga Haven 
and its hinterland are not properly protected 
against the Qp 1% water. Entry to the port 
ought to be closed off by a fl ood gate, if more 
intense construction activity in this area is to 
be undertaken. Were the Qp 0.1% discharge to 
occur, the dikes would not ensure protection 
of an important part of the city, especially on 
the right bank, which covers the segments of 
512.5-521 km and 523-535 km; and on the 
left bank, the segments of 525-533.5 km. The 
area down-stream of 526 km is a non-urban 
area, and so the potential fl ood losses are 
lower than in the case of more clearly defi ned 
urban areas. The greatest concern is caused 
by the situation on the left bank segment be-
tween 511 and 514 km, which is not protected 
by the dikes at all, while the elevation of the 
artifi cially raised fl ood terrace does not se-
cure the safe passage of the Qp 0.1% waters. 
At the same time, this area is attractive for 
potential investment projects within Powiśle 
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district, including extensions to the Univer-
sity of Warsaw’s campus. A similar situation 
exists along the segment between 517 and 
521 km, where in an area directly adjacent 
to the river, the Olympic Centre was estab-
lished and further developments are planned. 
Beyond that there is a very sensitive area, the 
510-511 km fragment of the left bank, where 
the fl ood dikes end, and the entry to the area 
behind the dikes is protected by the fl ood 
gate at the Czerniaków Head. Other stretches 
of the river, where there is a risk that the Qp 
0.1% waters might overfl ow the dikes, are 
the 517-521 km segment on the left bank and 
512-523 km segment on the right bank.

The 2D model for the selected three areas 
has been run for a fl ood Qp 1%, and the results 
of the model in time steps of 15, 30 minutes, 
1, 3, 6, 12 hours, have been stored in fi les. The 
parameters that have been stored include wa-
ter level elevation, magnitude and the veloc-
ity vector. The results of the model have been 
represented in a tabular form, and have been 
converted into a cartographic representation 
in the ILWIS 3.3 program. This form of the 
data is used for visualization and the calcula-
tion of statistics that represent the inundated 
area of the potential fl ood Qp 1% (Fig. 2 a-c).

The information about the inundation 
of separate buildings has been obtained by 

Figure 1. Flood zone of Qp 1% probability in Warsaw obtained from the DEM and HEC-RAS models; 
selected potential fl ood zones of Łomianki (1), Saska Kępa (2) and Wilanów (3).
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Figure 2a. Range of potential fl ooding due to a dike breach by Qp 1% at Łomianki after 12 h., colours 
represent depth of inundation, line shows range of inundation obtained from 1D model.

Figure 2b. Range of potential fl ooding due to dike breach by Qp 1% at Saska Kępa after 12 h., colours 
represent depth of inundation, line shows range of inundation obtained from 1D model.
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crossing the map of land cover with fl ood in-
undation depth after 12h. The accuracy of the 
buildings’ geometry corresponds to the new-
est edition of topographic maps of Warsaw 
in the scale 1:10,000 and map datum 1992. 
This approach allows us to calculate the pos-
sible fi nancial losses of a given potential 
fl ood by the application of the initial value of 
the buildings and depth damage curves. That 
approach is used in the USA by the Federal 
Insurance Administration (FIA) as “credibil-
ity weighted” depth-damage curves, as well 
as selected curves developed for various dis-
tricts by the U.S. Army Corps of Engineers 
(USACE). It has been found that the most 
frequent depth of inundation in buildings 
on the studied areas in Warsaw is within the 
range of 0.5-1 m (Fig. 3). 

Aggregated areas of inundated build-
ings as a result of a potential fl ood can be 

used together with the typical damage values 
worked out by Chojnacki (2000) for Polish 
conditions. Damage values for 5 different 
classes of settlement intensity have been es-
timated using actual fl ood damage costs after 
the 1997 fl ood in the Oder catchment. 

CONCLUSIONS

Potential fl ood zone maps are very impor-
tant when it comes to planning the concentra-
tion and the redistribution of a population with-
in the process of growing urbanization. The 
two-dimensional hydraulic model of fl ooding 
is the best solution for analysing the spatial pat-
tern of risk and the cost of fl ooding. The model 
shows the depth and duration of inundation, as 
well as the velocities and direction of the water 
fl ow. These parameters, when combined with 

Figure 2c. Range of potential fl ooding due to dike breach by Qp 1% at Wilanów after 12 h., colours 
represent depth of inundation, line shows range of inundation obtained from 1D model.
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the information on the height of buildings and 
their value, can give an approximation of fl ood 
costs in various different scenarios. 

The most important information which 
has been obtained from the 2D model is the 
time that elapses from the dike breach and the 
moment at which a given point is inundated. 
The spatial distribution of this delay obtained 
from the 2D hydrodynamic model can be 
transformed into a cartographic representa-
tion, and as a propagation map can be used for 
the defi ning the risk in the fl ood zone.
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Abstract: This study presents changes in water conditions in the Lublin agglomeration, especially 
as regards discharges from the Bystrzyca and other rivers. Areas covered with impermeable materials, 
such as asphalt and concrete, have caused changes in directions of surface runoff and an intensifi cation 
of this process, with effects on the discharges of rivers. The regime of fl ooding is the consequence of 
natural and anthropogenic conditions. Spring and summer fl oods in Lublin and at water gauges below 
the city are mainly caused by surface runoff from the urban area. During periods of snowmelt periods or 
torrential rain, water fl ows rapidly through the system of stormwater drainage, and then into the rivers.

Key words: anthropopressure, river discharges, fl oods

INTRODUCTION

The process of urbanization has a consid-
erable hydrological impact, especially in the 
way that it infl uences the nature of runoff. 
Urbanized areas are places of modifi cation 
to the typical distribution of elements mak-
ing up the water balance. The removal of 
vegetation, mass construction of houses and 
industrial areas, drilling of wells, increase of 
population requiring establishment of new 
water supply and distribution systems, con-
struction of sanitary drainage systems and 
treatment plants for wastewaters and con-
struction of stormwater drainage systems all 
have consequences for the water conditions 
in a river basin. Some of the impacts, such 
as a decrease in transpiration and an increase 
in storm fl ow, a slight lowering of the wa-

ter table and some contamination are to be 
observed in the fi rst, early stage of urban 
growth. Reduced infi ltration and a lowered 
water table, higher fl ood peaks and lower 
low fl ows, increased pollution of streams 
and wells can all be found in the stages of 
urban development known as middle-urban 
and late-urban (Goudie 2000).

The impact of urbanization can be related 
to three groups of issues: water resources, 
water quality control, and fl ood control 
(Hall 1984). Concentration of inhabitants 
and consumers of water has brought about 
both quantitative and qualitative changes in 
surface and underground waters. The exploi-
tation of underground waters has led to the 
generation of a wide depression funnel. Its 
range and depth have  changed with the level 
of atmospheric precipitation and abstraction 
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of water from underground. The installation 
of sewerage and stormwater drainage accel-
erates runoff. Impermeable surfaces of bitu-
men, tarmac, tiles and concrete favor fl ood-
runoff increases in comparison with rural 
sites; changing the directions of surface run-
off and intensifying this process, with effects 
on the discharges of rivers.

CONDITIONS OF WATER OCCURRENCE 
IN THE BYSTRZYCA BASIN

Lublin, the largest urban centre in 
eastern Poland, was founded on the River 
Bystrzyca, at the mouths of its tributaries: 
the Czechówka and the Czerniejówka (Fig. 
1). The Bystrzyca basin, and especially the 
part thereof in Lublin, is characterized by 
a high level of exploitation of water resourc-
es. Hydrographically and hydrogeological-
ly, these are areas with complex conditions 
of water circulation in which a hydraulic 
connection between surface and ground-
waters is found. In the Bystrzyca basin of 
area  1,315.5 km2, there are almost 500,000 
habitants, 360,000 in Lublin alone. This is 
an area of current and complex problems 
regarding the supply of water for consump-
tion and industrial purposes, recreational 
use, urbanization and protection of the nat-
ural environment. Where land-use structure 
is concerned it isf agricultural areas that 
are dominant with 70.7% arable land, 4.1% 
meadows and pastures, and 3.0% orchards. 
Forests account for just 10.8% of the basin 
area. The share of waters is very small; res-
ervoirs occupying just 0.32% of the area, 
rivers 0.22%. Considerable areas of land 
in the basin are occupied by roads – 2.6%, 
railways – 0.6% and urban areas – 5.2% 
(Michalczyk 1997). Soils and  Quaternary 
surface deposits are of good permeability, 
something that favors the infi ltration of wa-
ter into the saturated zone.

The Bystrzyca fl ows out from fi ssure-
layer springs in Sulów, and in its middle 
course it fl ows through Lublin. The Bystrzy-
ca is a left-bank tributary of the Wieprz, the 
main river in the Lublin Upland (Fig. 1). The 

level of water resources, counted as the av-
erage value for outfl ow from the Bystrzyca 
is of almost 5.0 m3/s, which corresponds to 
a specifi c runoff of 3.87 l/s·km2. The share 
of underground alimentation is 76% of the 
total outfl ow. For the whole Bystrzyca ba-
sin, the estimated surface and underground 
water resources (concerning seasonal and 
annual variability of discharges) in a reli-
able year are 58.4 million m3/year (Michal-
czyk 1997). 

In the geological structure and water 
conditions of the basin, it is the carbonated 
rocks of the Upper Cretaceous developed 
as opokas, marls and limestones that are the 
most important. They can be found across 
the area, waters circulating in those rocks 
creating the one and sometimes only aquifer 
(Michalczyk 1986). The abundance of the 
carbonate rocks in water depends on the den-

Fig. 1. Location of Lublin in the Bystrzyca basin. 
1 – water divide, 2 – water gauges of the Institute 
of Meteorology and Water Management, 3 – water 
level dataloggers of the Department of Hydrogra-
phy UMCS, 4 – discharge point for water from the 
sewage treatment plant, 5 - urbanized area.
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sity and size of fi ssures, whose permeability 
to water is at least ten times greater than po-
rous rocks. Carbonate deposits of the Creta-
ceous, locally also Paleocene materials, are 
covered by a thin layer of postglacial sands 
of various granulometry, or else by dusty 
deposits. The infi ltration conditions for pre-
cipitation are good, in spite of the diversity 
of surface relief, this being a consequence 
of the high permeability of surface deposits, 
and something that is refl ected in a low-den-
sity river network.

Useful aquifers in the Bystrzyca ba-
sin are found in fi ssured rocks of the Up-
per Cretaceous and the Paleocene, as well 
as in sandy – gravel Quaternary deposits. 
Groundwaters form one reservoir in which 
Cretaceous, Tertiary and Quaternary water-
bearing beds and multiaquifer formations 
are hydraulically connected, this resulting 
in abundant and steady feeding of rivers 
by groundwater, and infi ltration of surface 
waters into the areas of depression funnels. 
There is one water table in the basin, inclined 
toward the Bystrzyca and its tributaries. In 
natural conditions, groundwaters remain in 
drainage balance with surface waters. In the 
river valleys, groundwaters occur superfi -
cially below the surface of the fl oodplain. 
On the lower parts of the slopes, the thick-
ness of the unsaturated zone is of several 
meters, while it reaches 30-50 meters on the 
hilltops. Groundwaters of the Bystrzyca ba-
sin have a chemical composition typical of 
the aquifer formed in the chalk rocks. There 
are mainly bicarbonate–calcium or bicarbo-
nate–calcium–magnesium waters of neutral 
reaction, moderately hard and hard. The 
good quality of groundwater points to just 
the initial stage of transformation of their 
natural composition.

CHANGES IN WATER CONDITIONS IN 
LUBLIN

The groundwaters exploited in the Lu-
blin area that are of good quality circulate 
in the Maastricht marls and opokas. Their 
high quality is the result of a prolonged 

process of seepage in the rocks. The slow 
fl ow of water in the main aquifer of the 
Bystrzyca river basin, lasting between ap-
prox. several years and over 100 years was 
identifi ed on the basis of the low concen-
tration of tritium (Zuber et al. 2001). Natu-
ral conditions: the shallow occurrence of 
groundwaters, high-capacity wells, favora-
ble physico-chemical properties of water, 
and limited surface water resources were 
all reasons to exploit groundwater. Rivers 
in the Lublin area have rather small catch-
ments, so discharges are not high, averag-
ing about 3 m3/s, and during low fl ows not 
reaching even 1 m3/s. Thus, in urban areas 
surface waters are subject to the infl ow of 
various contaminants and pollutants into 
the valleys and channels of the rivers, es-
pecially in the heavy urbanized and indus-
trialized districts of the city.

Estimates of the degree to which wa-
ter conditions had changed were based on 
rich archival materials of the Department of 
Hydrography of Maria Curie-Skłodowska 
University in Lublin; published and archi-
val data of the Institute of Meteorology and 
Water Management; data from the Munici-
pal Company for Water Supply and Sewage 
Treatment and fi eld observations and meas-
urements. Maps of the groundwater table in 
the Lublin area for the summer seasons of 
1955, 1960, 1972, 1981 and 1995 were col-
lected (Michalczyk 1997). Groundwaters 
occurring in the bottom of the Quaternary 
deposits on the hilltops and slopes were in-
tensively exploited to the end of the 1950s 
and are no longer found because of  water 
abstraction, the building of several deep 
wells, and changed infi ltration conditions. 
Large urban areas were taken for munici-
pal and industrial buildings as well as roads 
and hardened playgrounds. The conditions 
for water infi ltration also became worse in 
green areas because of  soil compaction. 
Precipitation waters are now carried away 
immediately from built-up areas (covering 
43.3% of the city area as of 2005) by way 
of the stormwater drainage system. The area 
of agricultural land decreased to 39.7% and 
forests to 11.5%, while waters occupy only 
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2.8% of the city area. Due to city develop-
ment, some urban areas are characterized by 
limited infi ltration because of  building up 
plus ground compaction.

Municipal and industrial water intakes 
existing in the Lublin region only use  
groundwater resources circulating in fi s-
sured rocks of the Upper Cretaceous and 

Paleocene. The groundwater intakes con-
centrated in the Lublin region supply over 
90% of the whole groundwater abstraction 
in the Bystrzyca basin. Only small amounts 
of water are taken in outside Lublin. The 
main feature of the water intakes in the Lu-
blin area is their concentration on relatively 
small area. Long exploitation of groundwa-

Fig. 2. Discharges of the Bystrzyca River at the Lublin and Sobianowice water gauges during the snow-
melt periods of March 2003 (A) and April 1999 (B).
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ters resulted in forming of wide depression 
funnel for all groundwater intakes. On the 
main part of the Lublin depression funnel 
groundwater table is almost fl at, especially 
in the zones of the river valleys. It can be 
explained by widening of fi ssures in the 
zones of intensive fl ow of water feeding 
particular water intakes. The widest range 
of the funnel, exceeding 200 km2, with de-
pression of over 10 meters, was observed in 
the early nineties of the last century, with 
exploitation rate of 50 million m3/year. In 
subsequent years a slow process of the in-
fi lling of the depression funnel and of a de-
cline in its range was observed (Michalc-
zyk 1997), this being the result of slightly 
greater atmospheric alimentation, as well 
as more lower exploitation of groundwater 
resources. In 1995, a lowered water table 
was reported over an area of about 170 km2, 
with exploitation of 40 million m3/year. In 
the main part of the city depression funnel 
there was a shallow, groundwater table low-
ered by over 4 meters over an area of 40 
km2. In following years that area decreased 
and shallowed thanks to enhanced atmos-
pheric supply. In the years 2001–2006, the 
area of the depression funnel was 120 km2, 
with exploitation at 25 million m3.

Groundwaters in the Lublin area have 
a strong hydraulic connection with surface 
waters. In natural conditions, intensive and 
steady feeding of river channels by ground-
water is observed, but in periods of low 
water tables infi ltration of surface water 
to aquifers takes place, especially in the 
area of depression funnel. The amount of 
water fl owing in rivers in the city depends 
on alimentation in the upper course of the 
basin of the Bystrzyca, and its tributaries 
the Krężniczanka, the Czerniejówka, and 
the Czechówka. River waters fl ow through 
the city, and some of them feed groundwa-
ter resources. In the urban area waters from 
the storm drain system fl ow into the rivers, 
especially during periods of snowmelt or 
rain. After their use and purifi cation, waters 
taken in at wells are discharged into the riv-
ers below Lublin. 

CHANGES IN THE BYSTRZYCA RIVER 
DISCHARGES AT WATER GAUGES 
OF THE INSTITUTE OF METEOROLOGY 
AND WATER MANAGEMENT

Evaluation of the urban area’s impact on 
river discharges was based on analysis of hy-
drometric data from two water gauges of the 
Institute of Meteorology and Water Manage-
ment, located above and below Lublin. The 
Wrotków water gauge (no. 1 on Fig. 1), is 
located below the Zemborzyce Reservoir, 
and closes off the area of the upper Bystrzy-
ca river basin covering 725 km2. Below this 
water gauge there is the urbanized and indus-
trialized area of Lublin, with many outlets of 
stormwater systems and discharged effl uents 
from the sewage treatment plant. The water 
gauge in Sobianowice (no. 2 on Fig. 1), lo-
cated 9.8 km along the Bystrzyca, closes off 
a catchment area of 1,265 km2. In the years 
1951 – 2000, the average discharge rate for 
the Bystrzyca at the Sobianowice gauge was 
of 4.98 m3/s, corresponding to a specifi c run-
off of 3.94 l/s·km2. 

In Lublin, discharges of the river change 
in line with the state of water resources and 
the intensity of surface runoff. When ground-
water levels are low, river discharges decrease 
through river water infi ltration underground, 
while at times of high groundwater levels the 
discharges are higher, being augmented by 
water from underground. During snowmelt 
periods fast reaction to infl ow of water from 
surface runoff is observed (Fig. 2AB). Sur-
face runoff in the urban catchment appears 
earlier, lasts longer, and reaches higher val-
ues than that in the rural catchment.

The earlier and faster appearance of sur-
face runoff in the urban catchment is docu-
mented for runoff of snowmelt water after 
a 1–day snowfall in April 1999. Surface run-
off from the area of the city caused a fl ood 
along the Bystrzyca (Fig. 2B). In the rural 
catchment runoff was not so high because of 
water retention in the ground. 

In the summer season, short intensive pe-
riods of rainfall cause water from the urban 
catchment to fl ow off very rapidly. Torrential 
rain reaching several millimeters causes an 
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Fig. 3. Discharges of the Bystrzyca  at the Lublin and Sobianowice water gauges in June 2002.

Fig. 4. Water stages of the Bystrzyca at the Lublin and Sobianowice water gauges in May 2003.
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increase in water stages, and in discharges 
below the city. Figs. 3 and 5 show changes 
in river discharges above and below the city, 
while Fig. 4 presents changes in water stages 
at both water gauges. At Sobianowice briefl y 
increased discharges result from rapid runoff 
from the urban area.

CHANGES IN WATER RESOURCES 
IN LUBLIN AS BASED ON DISCHARGE 
MEASUREMENTS 

Hydrological data from the two water 
gauges show changes in discharges from 
rivers in the city area. The evaluation of the 
degree to which the fl ow of water in rivers 
in the Lublin area had changed was based on 
measurements of discharges. In the summer 
months of 1990 – 2006 inclusive, 21 series 
of river discharge measurements were pro-
duced for the Lublin area. These were done 
during one day (several hours) in longer 
rainless periods, i.e. in cases in which water 
in river channels  was fl owing from under-
ground supply. Water gauges were located on 

the Lublin rivers at the limits of the depres-
sion funnel (Fig. 6). Series of data were set as 
the average counted from all measurements 
(Table 1) and divided into periods with low 
water resources (1990 – 1997) or average 
and high (1998 – 2006). Selected years dif-
fer, not only in the value for atmospheric 
feeding, but also as regards the value for the 
rate of exploitation of groundwater resources 
(Table 1), as related to the size and depth of 
the depression funnel. First measurements of 
discharges were made for low groundwater 
resources, with a water intake of about 50 
million m3, and the depression funnel cover-
ing over 200 km2. After 2000 the amount of 
water taken in Lublin decreased to approx. 
25 million m3/year, the area of the depression 
funnel reducing to 120 km2.

The collected materials show that, in 
summer rainless periods, rivers were not fed 
by groundwater resources along their urban 
course. Some waters infi ltrate underground, 
as is demonstrated by the results of meas-
urements made above and below the city. In 
the period 1990 – 1997 the discharge from 
the river decreased by 0.323 m3/s, while in 

Fig. 5. Discharges of the Bystrzyca at the Lublin and Sobianowice water gauges, and precipitation in 
September 2001.
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the years 1998 – 2006 it increased by 0.164 
m3/s. Along the urban course, both river dis-
charges and specifi c runoff decreased. An 
increase for these parameters was observed 
in Hajdów, below the point of discharge 
from the sewage treatment plant, so after the 
infl ow of water the specifi c runoff reached 
the value observed in the rural catchment 
(Michalczyk 2000).

RIVER DISCHARGES AT THE LIMITS 
OF THE URBAN AREA IN 2006

An evaluation of the conditions and lev-
els of surface runoff from the urban area was 
undertaken at the end of 2005, when four wa-
ter level dataloggers rejecting water stages of 
rivers above and below the city were estab-
lished, two of them were on the Bystrzyca 
river: in Wrotków (below the Zemborzyce 
Reservoir, above the urbanized area, no. 3 on 
Fig. 1) and in Hajdów (below the city, no. 6 
on Fig. 1), while one was on the Czechówka 
river at the Skansen water gauge (a rural 
catchment with detached houses, no. 5 on 
Fig. 1), and the last was on the Ciemięga riv-
er at the Pliszczyn water gauge outside the 
city (no. 7 on Fig. 1). The results of observa-
tions led to an evaluation of the role of the 
city area in shaping the surface runoff proc-
ess, as well as to an evaluation of amount and 
durations.  

The average outfl ow from the urban 
catchment was higher than the infl ow of wa-
ter from the rural part of the basin, as is at-
tested to by values for  specifi c runoff (Table 
2). In the period concerned infi ltration of sur-
face water underground was not observed. 
In 10 months of 2006, surface runoff from 
the selected urban catchment (Fig. 1) took 
place, the highest values being noted for the 
snowmelt period, the lowest for July, when  
atmospheric feeding was at only 10% of the 
average. The discharge of water from the 
Sewage Treatment Plant takes place in the 
urban catchment, so these are underground 
waters taken in the area of the Lublin depres-
sion funnel. The total amount of fi nal effl u-
ents and infl ow of water in the river gives 

an average increase in discharge in the urban 
catchment equal to 1.88 m3/s, corresponding 
to a value for specifi c runoff of 9.1 l/s·km2. 
This value is twice as high as that for feeding 
in the catchment of the upper Bystrzyca and 
the Czerniejówka, as well as the Ciemięga 
below the Lublin agglomeration.

CONCLUSIONS

Discharges from rivers change periodi-
cally as a refl ection of atmospheric alimen-
tation, amounts of taken water and water re-
sources present in the period. Groundwaters 
in the Lublin area are connected hydrauli-
cally with surface waters, as is revealed in 
the high and steady feeding of river channels 
by groundwater, as well as the infi ltration of 
surface water into aquifers, especially in the 
area of the depression funnel. Measurement 
of discharges from the Bystrzyca reveals 
that the period prior to intensive exploita-
tion of groundwater resources had observed 
values for specifi c runoff almost equal in 
catchments above and below the city. As the 
result of the lowering of the groundwater ta-
ble a change in the hydrodynamic balance 
between underground and surface waters has 
taken place. Feeding in the upper part of the 
basin determines river discharges along the 
urban course. River waters from the upper 
catchment fl ow through the city, and collect 
waters from stormwater systems, these be-

Fig. 6. Location of the urban catchment. 1 – water 
divide, 2 – places of discharge measurement, 3 - 
urbanized area, 4 – urban catchment.
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ing especially high during periods of torren-
tial rain. In the area of the depression funnel 
in the city rivers do not drain groundwaters. 
Underground waters are taken in several 
wells in Lublin. Some surface waters infi l-
trate into the underground resources, a fa-
vorable feature for water resources when 
levels are lowest. After use and purifi cation, 
waters taken up at wells are discharged into 
the rivers below Lublin. Changes in land-
use structure, especially the building up of 
areas has been accelerating surface runoff, 
while renewal of groundwater resources is 
limited. After rainfall, discharges from the 
Bystrzyca increase quickly, while in the ru-
ral catchments changes in river discharges 
are not so rapid.
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Abstract: The paper examines annual extreme sea levels along the Polish Baltic coast. The analysis 
is based on water level data sets collected at gauging stations in Świnoujście, Kołobrzeg, Ustka, and 
Gdańsk in the years 1946-2001. The article also draws upon historical data. The results of the study 
show that differences between the maximum and minimum levels have increased, particularly during 
the last 50 years. Sea level amplitudes tend to be wider in the western part of the Baltic coast than in the 
eastern part. Extreme sea levels occur in the autumn and winter months.

Key words: southern Baltic, extreme sea levels, storm surges, storm falls

INTRODUCTION

Analysis of extreme sea levels requires the 
identifi cation and comparison of the highest and 
lowest levels recorded in a multi-annual period, 
in a year, a month, or during a storm event. Obvi-
ously, the most important data pertain to sea lev-
el fl uctuations throughout a multi-annual period. 
This work addresses sea level fl uctuations in the 
period 1946-2001, as recorded at the following 
four stations on the Polish coast: Świnoujście, 
Kołobrzeg, Ustka, and Gdańsk. In addition, his-
torical data on the annual maximum and mini-
mum sea levels in Świnoujście (1901-2001) and 
Gdańsk (1889-2001) is also drawn upon. More-
over, the analysis utilises the absolute maximum 
and minimum levels at 9 selected stations from 
when sea level gauging began, as well as of data 
taken from the relevant literature. 

Analysis of the frequency of extreme events 
can provide the necessary data for the establish-

ment of warning systems and varying levels of 
alarm that can be used by services responsible 
for, say, fl ood control, coastal protection, and 
navigation safety. Fig.1 shows the current major 
gauging stations recording water levels along the 
Polish coastline of the Baltic Sea, in the coastal 
lagoons, and in river mouths. Figs. 2 and 3 illus-
trate storm-induced damage on the Polish coast. 

EXTREME SEA LEVELS 
IN A MULTI-YEAR PERIOD 

Absolute maximum and minimum sea lev-
els, recorded by gauges and mareographs at the 
stations since the beginning of recording opera-
tions and retrieved from the literature (Cyber-
ski and Wróblewski 1999; Dziadziuszko 1992; 
Majewski 1986; Majewski and Dziadziusz-
ko 1985; Majewski et al. 1983; Sztobryn and 
Stigge 2005; Wróblewski 1975, 1982, 1992) 
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are summarised in Table 1. Noteworthy are the 
wider amplitudes between the extreme levels 
in the western part of the coast (Świnoujście, 
Kołobrzeg) compared to those in the eastern 
part (Gdynia, Hel). Fig. 4 shows the historical 
maximum and minimum sea levels, their am-
plitudes being presented in Fig. 5. The graph in 
Fig. 6, based on a continuous series of data for 
the period 1946-2001 from 4 major sea ports, 
supports the pattern indicated above. 

Annual maximum and minimum sea 
levels recorded in Świnoujście in the period 
1901-2005 and in Gdańsk in the period 1886-
2001 are shown in Figs. 7 and 8 respectively. 
The Świnoujście data series shows a tenden-
cy towards an increase in the annual maxi-
mum sea levels (y = 0.128 x + 588.08; R2 
= 0.0242) and towards a small reduction in 
the minimum levels (y = -0.0467 x + 419.66; 
R2 = 0.0083); i.e., towards an increase in 
the amplitude. The Gdańsk data indicate an 
increase in the annual maximum levels (y 
= 0.2026 x + 574.37; R2 = 0.0847) and an 
increase in the annual minimum levels (y = 
0.1464 x + 432.35; R2 = 0.1168).

Another characteristic of multi-annual 
series of extreme sea levels is their frequency 
distribution; this makes it possible to deter-
mine the distribution of probability of their 

Figure 1. Gauges on the Polish Coast.

Figure 2. Damage to fi shery installations in the vi-
cinity of Międzyzdroje during the storm surge on 
3 and 4 November 1995. 

Figure 3. A beach damaged during the storm surge 
on 3-4 November 1995.
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Table 1 Extreme sea levels [cm] along the Polish coast 

gauge maximum
Date of 

occurrence
minimum

Date of 
occurrence

amplitude

Świnoujście 696 10 Feb. 1874 366 18 Oct. 1967 330
Kołobrzeg 716 9/10 Feb. 1874 370 4 Nov. 1979 346
Darłowo 659 9 Jan. 1914 393 10 Feb. 1897 266
Ustka 668 5 Dec. 1883 396 10 Feb. 1897 272
Łeba 668 15 Dec. 1893 403 31 Dec. 1890 265

Władysławowo 638 Jan. 1992 415
25 Feb. 1954, 4 

Feb. 1960
223

Hel 620 19 Jan. 1983 405 Jan. 1904 215
Gdynia 626 19 Jan. 1983 414 Feb. 1937 212
Gdańsk - Nowy Port 664 16 Dec. 1843 395 20 Jan. 1887 269

Figure 4. Historical extreme sea levels.

Figure 5. Amplitudes of extreme sea levels along the Polish coast in different periods.
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Figure 6. Trends in the change of amplitudes of extreme sea levels along the Polish coast.

Figure 7. Annual maximum and minimum sea levels in Świnoujście and their trends.

Figure 8. Annual maximum and minimum sea levels in Gdańsk and their trends.
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occurrence. The frequency distribution of 
maximum and minimum sea levels in the 
period 1867-2001 in Kołobrzeg is shown in 
Fig. 9. The most frequent among the maxi-
mum sea levels was 590 cm (90 cm above 
the mean level), and 435 cm (65 cm below 
the minimum level) being the most frequent 
among the minimum levels. During the pe-
riod 1867-2001, the maximum level ≥ 650 

cm occurred with an average frequency of 10 
years, the minimum level of ≤ 400 cm oc-
curred with a similar frequency.

An examination of the temporal distri-
bution of changes in sea levels shows their 
extremes to occur during autumn-winter, 
from October through to March (Cyberski 
and Wróblewski 1999; Dziadziuszko 1992; 
Dziadziuszko and Jednorał 1996; Majew-

Figure 9. Frequency and the cumulative distribution function of annual maximum and minimum sea lev-
els in Kołobrzeg.
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ski 1986; Majewski and Dziadziuszko 1985; 
Majewski et al. 1983; Sztobryn and Stigge 
2005; Wiśniewski 2003, Wiśniewski et al. 
2005; Wróblewski 1975, 1982, 1992). Fig. 
10 presents data on characteristic – maxi-
mum (WWW) and minimum (NNW) – sea 

levels in different months of the period 1946-
2001 at four selected stations (Świnoujście, 
Kołobrzeg, Ustka, Gdańsk). The respec-
tive mean values (SWW and SNW) and the 
monthly mean (SSW) are given as well. 

Figure 10. Characteristic seasonal sea levels in a) Świnoujście, b) Kołobrzeg, c) Ustka, d) Gdańsk.

Figure 11. The route of the storm low-pressure system centre for the period 13 January, 00 UTC to 14 
January, 12 UTC, 1993. 
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AN EXAMPLE OF A STORM SURGE 
EFFECT ON THE SEA LEVEL 
RISE AND FALL 

An extreme sea level event is related to 
atmospheric dynamics, particularly to the 
passage of intense low pressure systems over 
the Baltic. Such occasions may be marked 
by high storm surges that can ensue within 
a few hours. An example of an event of this 
type is the storm of 13-15 January 1993 doc-
umented in the Baltic Sea. 

The route of the atmospheric low is de-
picted in Fig. 11; Fig. 12 shows air pressure 
distribution, while the associated sea level 
changes along the Polish coast are illustrated 
in Fig. 13. An explanation of storm surge-
related changes in sea levels always invokes 

the actual water volume of the Baltic, wind 
velocity and direction, duration of the wind 
fi eld, and sea level deformation by the pre-
vailing pressure system (Wiśniewski 2003; 
Wiśniewski and Kowalewska-Kalkowska 
2001, Wiśniewski et al. 2005). As with the 
case of tropical cyclones, one may analyse 
sea level deformation caused by a fast mov-
ing concentric low with its positive and 
negative phase (the so-called baric wave). 
The selected example of 14 January 1993 
shows a movement of the positive phase of 
the baric wave from the western part of the 
Polish coast (Świnoujście) to the eastern part 
(Gdańsk, Puck); the movement followed the 
trajectory of the concentric atmospheric low. 

Figure 12. Trajectory of the depression on 13 and 14 January 1993.

Figure 13. Sea level changes along the Polish coast of the Baltic Sea for the period of 13 January, 18:00 
to 15 January, 18:00, 1993.
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CONCLUSIONS

Sea level amplitude (the difference be-1. 
tween the maximum and minimum levels) 
was found to have increased, particularly 
during the last 50 years.
 Sea level amplitudes tend to be wider in 2. 
the western part of the Baltic coast than in 
the eastern part. 
 Extreme sea levels occur in the autumn 3. 
and winter months.
 The factors responsible for the occurrence 4. 
of extreme sea levels include:

changes in the air pressure at the sea • 
surface during the passage of a low 
pressure system; they generate a sea 
surface deformation, the so-called bar-
ic wave, with its positive phase inside 
the low and its negative phases outside 
it; those changes vary within ±1.5m;
wind forcing, dependent on wind • 
velocity, duration, and direction; sea 
level fl uctuations produced vary with-
in ±0.8m.
the present water volume of the Bal-• 
tic Sea; prolonged stationary weather 
systems over the Baltic induce vol-
ume changes and may cause ±0.5 m 
changes in the water level. 

Although these factors act simultane-5. 
ously, their effects may be additive, i.e., 
the net result is an increase or a decrease 
of the sea level on the coast; or they may 
be non-additive, e.g., one factor produces 
a sea level increase, while the action of 
the other results in a decrease. 
The rate of sea level fl uctuations may vary 6. 
within ±0.6 m per hour; however, fl uctua-
tions recorded on a per minute basis may 
be faster, and is accounted for mainly by 
the baric wave.
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