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Abstract The chapter presents changes in air temperature and precipitation in the
Upper Vistula Basin. Data from 18 meteorological stations covering the 1951-2015
period was used to investigate variability and trends in air temperature, precipitation
and linkages between them. Air temperature in the Upper Vistula Basin was sig-
nificantly rising during the research period. Distinct warming on annual scale started
in the first half of the eighties. Spring and summer air temperatures have been
significantly increasing; winter air temperature trends were much weaker while no
significant changes were found in autumn. Upward trends in air temperature within
the Upper Vistula Basin were also reflected in the frequency of thermally charac-
teristic days which was significantly changing during the research period. Strong
downward trends were found in the frequency of winter days (Tavg < 0 °C) while
trends in warm characteristic days were positive. Most observed changes in pre-
cipitation were not statistically significant at the level of 0.05. This indicates that
significant increase in air temperature is not currently accompanied by significant
increase in precipitation thus changes in precipitation are not directly related
to changes in air temperature and they possibly vary in time. Relations between
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precipitation and air temperature are not straightforward. The results indicate that
strong increase in air temperature is rather accompanied by decrease in precipitation
frequency and amount. However, this applies only to overall precipitation totals and
not to extreme events which are random and can occur unexpectedly. Flood pre-
cipitation can also occur during drier periods, as in the last decade of the research
period. It however must be mentioned that for nearly all stations mean precipitation
totals from the warmer period of 1991-2013 (1991-2011) were higher than in
previous period 1961-1990. Moreover the study revealed that increasing, statisti-
cally significant, trend (from 0.15 to 0.24 °C/decade) in mean annual air temperature
likely impacted changes in heavy precipitation. The links between air temperature
ranges (0-10, 10-20 °C and above 20 °C) and precipitation ranges (0—10 mm, 10—
20 mm, etc. to above 50 mm) for two periods examined at nine stations in the Upper
Vistula Basin revealed that when air temperature exceeded 20 °C more intense
precipitation was observed in the second warmer period 1991-2013.

Keywords Air temperature - Precipitation - Trends - Climate change - The Upper
Vistula Basin

1 Introduction

The Upper Vistula River Basin (about 51,000 km?) is located in the southern and
south-eastern part of Poland (Fig. 1).Itis the most differentiated part of the country with
regard to natural environment, with elevation varying between 140 m in Sandomierz
Basin up to 2499 m in the Polish part of the Tatra Mountains and to 2655 m in Slovakia
(Gerlach). This is the highest range of the whole Carpathian Mountains.

Four climatic zones were distinguished within the Upper Vistula Basin on the basis
of annual course of air temperature and precipitation (NiedZwiedZ and
Obrebska-Starklowa 1991; Fig. 1). The mountain climate region (A) encompasses the
highest part of the Carpathian Mountains above 900 m, with mean annual temperature
lower than 7 °C and precipitation above 900 mm. Hess (1965) counted this region
among the fifth vertical climatic belt categorized on the base of vertical profile of mean
annual air temperature. The moderately cool climate with annual temperature below
4 °C extends to 1150 m. The cool belt (temperature between 4 and 2 °C) reaches the
upper tree line (1520 m). The very cool subalpine belt with mean annual air temper-
ature between 2 and 0 °C is located between 1520 and 1850 m. The moderately cold
alpine belt stretches to the climatic snow line (2200 m) which is marked by location of
the isotherm of —2 °C. Above this line the cold belt reaching the highest summits of the
Tatra Mountains is located. The lowest part of the Carpathians (250-900 m) is
encompassed by the temperate-warm climatic region (B) with the mean annual tem-
perature between 7 and 8 °C and precipitation between 700 and 900 mm. The warmest
and moderately dry climate (region C) embraces the O$wigcim-Sandomierz Basin. The
upland climatic region (D) is cooler and more humid comparing to region C. In the
Holy-Cross Mountains (611 m) near Kielce mean annual temperature drops to about
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Fig. 1 Location of the studied area in Poland and location of the meteorological stations in the
area of the Upper Vistula Basin. Climatic regions after NiedzwiedZz and Obrgbska-Starklowa
(1991). Borders 1—cross-country borders, 2—the Upper Vistula Basin, 3—climatic regions; 4—
rivers, 5—main meteorological stations with WMO numbers, 6—other meteorological stations (/—
Hala Gasienicowa, 2-Morskie Oko, 3—Witoéw, 4—Poronin, 5-Biatka Tatrzanska, 6-Szaflary, 7-
Jablonka, 8—Nowy Sacz, 9-Tomaszéw Lubelski)

6 °C and precipitation increases to 900 mm. Climatological characteristics of air
temperature and precipitation in the research period for selected 18 stations in the
Upper Vistula Basin are gathered in Table 1. In the research period mean annual air
temperature at majority of stations varied between c.a. 7.5 and 8.5 °C with an exception
of Zakopane and Kasprowy Wierch where air temperature was much lower as a result
of vertical decrease (Table 1).

Despite clear vertical decrease in air temperature the Tatra Mountains climate is
characterized by abundant precipitation. Annual precipitation totals exceed 1500—
1750 mm above the altitude of 1400 m a.s.l. In the research period maximum
10-day precipitation totals were higher than 100 mm at many stations and exceeded
the threshold of 200 mm at three stations. The country-wise peak of daily precip-
itation total amounting to 300 mm was recorded on 30 June 1973 at Hala
Gasienicowa station (1520 m a.s.l.) (Niedzwiedz 2003). Precipitation extremes
typically occur during warm part of the year, from May to September, with max-
imum in July. Several-day high rainfalls have not only caused severe flash floods
and landslides in small catchments, but also catastrophic large-scale floods in the
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Upper Vistula Basin, and further downstream. The most severe floods occurred in
July 1903, 1934, 1960, 1970, 1997, 2001, and 2010. The flood in July 1934 was
one of the most pronounced deluges in the 20th century in the Vistula Basin,
causing death of 55 people, while the flood in May and June 2010 caused economic
losses up to 3.2 billion US dollars (Chorynski et al. 2012).

According to the Clausius—Clapeyron law, higher temperatures are associated with
higher saturated water vapour pressure in the atmosphere. Hence, warming can lead to
occurrence of more intense precipitation as well as to extend the periods of precipi-
tation occurrence. Although studies (Niedzwiedz et al. 2015) on intense precipitation
at two stations located on the northern foothills of the Tatra Mountains (Kasprowy
Wierch and Zakopane) indicated no statistically significant trends, upward trends in
maximum daily, maximum five-day and warm half-year precipitation totals as well as
in the frequency of days with precipitation > 50 mm were found at both stations.

Since flood risk is likely to depend on current climate change manifesting itself in
significant climate warming, this chapter discusses changes in selected characteristic
of air temperature and precipitation in the Upper Vistula Basin. The first part of the
chapter concerns changes in air temperature including monthly seasonal and annual
means. Moreover, we also investigated variability in the frequency of selected
thermally characteristic days which were recognized as direct indicators of current
climate change. Regional air temperature changes are discussed on the background
of global changes. Next we explored changes in monthly, seasonal and annual
precipitation including extremes. We paid special attention to warm half-year and
summer season which are the most flood parts of the year in the Upper Vistula Basin.
Further part of the chapter compares precipitation climatology in the Tatra
Mountains and Podhale Basin with the remaining part of the Upper Vistula Basin
and seeks relations between precipitation and air temperature. We used different sets
of the stations, depending on analysis. Majority of analyses use 10 stations located in
the Upper Vistula Basin. These stations represent different parts of the research area
including the highest altitudes (Kasprowy Wierch, Zakopane) and the foothills of the
Carpathian Mountains (Bielsko, Lesko). The remaining six stations represent the
areas of the Upper Vistula Basin located further to the north (Tarnéw, Krakéw,
Rzeszow, Katowice, Sandomierz, Kielce) as shown in Fig. 1. The data from these
stations cover the period 1951-2015. The further nine stations used in the chapter are
listed in Table 1. Summing up we used the data from 19 stations covering various
periods to explore changes in air temperature and precipitation.

2 Changes in Air Temperature of the Upper Vistula Basin
in the Light of Global Temperature Trends

The enhanced violence of extreme weather events is currently being attributed to
contemporary climate change, manifesting itself in significant air temperature
increase on both regional and global scales (Trepinska 1983, 1997; Limanowka
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1997; Trepinska et al. 1997; Fortuniak et al. 2001; Kozuchowski and Zmudzka
2001; Wibig and Glowicki 2002; Cebulak and Liman6éwka 2007; Bielec-Bakowska
and Lupikasza 2009; Bielec-Bakowska and Piotrowicz 2013). A recent report on
global climate state (NOAA 2016) announced that three warmest years of the last
136 years (1880-2015) were recorded at the end of this period. In 2015, the average
global air temperature across land and ocean was warmer by +0.90 °C comparing to
the 1910-2000 average. The annual air temperature in the previous year, 2014,
exceeded the long-term average by +0.74 °C and was the second warmest in the
series. The mean air temperature increase in Poland was up to +0.8 °C in the second
half of the 20th century (cf. Fortuniak et al. 2001; Kozuchowski and Zmudzka
2001; Degirmendzi¢ et al. 2004).

This chapter uses average, maximum and minimum air temperature from 10
stations, location of which is shown in Fig. 1. Long-term course of air temperature
in the Upper Vistula Basin exhibits a lot of natural, inter-annual and intra-annual
variability but general trend relates to global changes. This is illustrated in Fig. 2
showing standardized global annual air temperature and analogous temperature in
the Upper Vistula Basin in the 1951-2015 period. Fluctuations and no clear ten-
dency dominated before 1975. Since the middle of the 1970s evident increase was
recognized. Average annual air temperature for 1988—-2015 was higher by +0.9 °C
than for previous long-term period (1951-1987). The increase was restrained at the
turn of the centuries but the distinctive maximum of the annual air temperature
which occurred in 2014 and 2015 (+8.8 °C which is higher by 2.5 °C than the
average from 1951-1975) may suggest renewal of the warming rate both within the
research area and globally. Finally two periods can be distinguished on the basis of
long-term course of annual air temperature—the cooler temperatures covered the
1951-1987 period and a distinct increase of annual temperature encompassed the
1988-2015 period.
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Fig. 2 Standardized values of annual air temperature for the Upper Vistula Basin (spot line) and
global air temperature (solid line) in the 1951-2015 period
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3 Annual, Seasonal and Monthly Air Temperature

Spatial and seasonal distribution of air temperature in the Upper Vistula Basin is
influenced by various factors of which topography is the most crucial local one.
Climatological characteristics of air temperature in the research period are presented
in Table 2. The annual range of monthly air temperature within the Upper Vistula
Basin reached almost 27 °C. The extreme monthly values varied from —8.3 °C in
February at Kasprowy Wierch station to 18.6 °C in July at Tarnéw and Sandomierz
located in the lowest altitudinal belt. Although the lowest average monthly tem-
perature fell in February (see Kasprowy Wierch in Table 2), it is January which is
the coolest month at majority of stations. In that month air temperature changed in
the vertical profile from —1.7 °C in Lesko to —8.0 at Kasprowy Wierch (Table 2).
At most stations monthly temperatures exceeded 10 °C from May to September
with maximum in July varying between 14.9 and 18.6 °C, depending on the station.
The period between May and September is the most flood-prone season in the
Upper Vistula Basin. At the Kasprowy Wierch high mountain station, the annual
range of temperature spread between —8.3 °C (February) and 7.7 °C (August).

The absolute range of air temperature at particular stations within the Upper
Vistula Basin ranged from more than 53 °C at Kasprowy Wierch to more than 70 °
C in Rzeszéw and Kielce (Table 3). The highest ever daily temperature occurred on
8 August 2013 in Tarnéw while the lowest one was recorded on 28 February 1963
in Rzeszéw located on the borderline between Sandomierz Basin and the
Carpathian Foothills. The occurrence of the lowest daily temperature minimums at
hollows and basins of the Carpathian Mountains is due to the slide down of cold
heavy air along the slopes and its stagnation in a concave topographic form.

The long-term course of mean seasonal temperature averaged for the region
indicates various seasonal patterns with clear increase in spring and summer tem-
peratures since the beginning of the 1980s. Similar tendency was also seen in the
long-term course of autumn temperature but since the beginning of the 1990s.
Winter air temperature was dominated by vivid fluctuations with no clear tendency
(Fig. 3). In all seasons, the highest air temperatures were recorded in the last decade
of the 20th century or in the 21st century (9.0 °C in spring 2007, 18.4 °C in
summer 2015, 9.7 °C in autumn 2006 and 1.4 °C in winter 2006/2007). These
features can clearly be seen in Fig. 3 showing standardized seasonal air tempera-
tures calculated as arithmetical averages from ten stations. Only in spring there was
a continuous increase in air temperature throughout the entire period as shown by
fitted 5th order polynomial. However, in the last years, the most rapid increase was
found in summer temperature. For example eight of ten highest summer tempera-
tures were recorded in the 21st century. On the other hand, vividly cooler summers
occurred in the WMO normal period of 1961-1990. All the lowest seasonal tem-
peratures fell before 1980: 3.8 °C in spring 1955, 13.9 °C in summer 1978, 5.6 °C
in autumn 1956, —8.4 °C in winter 1962/1963.

Long-term course of air temperature discussed above is well reflected in the
results of trend analysis showing distinct, statistically significant changes between
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Fig. 3 Standardized values of seasonal air temperature for the Tatra Mountains in the 1951-2015
period (grey line—observed temperature, black line—fitted 5th order polynomial)

March and August (Table 4). Significant increase in annual air temperature of the
rate of +0.13 °C per 10 years to +0.29 °C per 10 years, depending on station, was
found within the entire research area. On a seasonal scale, the most significant was
increase in summer and spring air temperature, particularly in August and July. No
significant changes were found in autumn and winter months, however majority of
air temperature trends were positive despite those for October and December at
Lesko station. It is also worth to notice that magnitudes of insignificant trends in
January and February air temperatures were much higher comparing to the monthly
trends in air temperature from September to December. If the rate and pattern of
current climate change continues to the future, trends in January and February air
temperature will likely become statistically significant.

Significant increase in air temperature is also well reflected in the frequency of
thermally characteristic days which are considered as direct indicators of current
climate change. We analysed five characteristic days selected on the basis of
average, maximum and minimum air temperature for eight stations representing
topographically different parts of the Upper Vistula region. Winter and summer
days were defined as days with average daily mean air temperature <0 and > 15 °
C, respectively. Daily maximum air temperature was used to select ice days
(Tmax < 0 °C), hot days (Tmax > 25 °C) and very hot days (Tmax > 30 °C).
Long-term course of thermally characteristic days frequency at particular stations is
presented in Figs. 4, 5, 6, 7 and Fig. 8. For the most part of the Upper Vistula Basin
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Fig. 5 Annual number of ice days (Tmax < 0 °C) at selected stations in the Upper Vistula Basin
in the 1951-2015 period (bars—observed number of days, lines—fitted 4th order polynomial)

winter days occurred during 18-21 % of days a year (102-119 days). At more
elevated Zakopane and Kasprowy Wierch stations such days constituted 27 and
51 % of days a year, respectively. The 1996 year was the most exceptional over the
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Fig. 6 Annual number of summer days (Tmean > 15 °C) at selected stations in the Upper
Vistula Basin in the 1951-2015 period (bars—observed number of days, lines—fitted 3rd
[Zakopane] and 4th order polynomial)
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Fig. 7 Annual number of hot days (Tmax > 25 °C) at selected stations in the Upper Vistula
Basin in the 1951-2015 period (bars—observed number of days, lines—fitted 3rd [Zakopane] and
4th order polynomial)
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Fig. 8 Annual number of very hot days (Tmax > 30 °C) at selected stations in the Upper
Vistula Basin in the 1951-2015 period (hot days were not noted at the Kasprowy Wierch station in
the research period) (bars—observed number of days, lines—fitted 4th order polynomial)

entire research period due to the highest number of winter days at majority of
meteorological stations. At the Kasprowy Wierch station the frequency of winter
days reached its maximum in 1980 when more than 59 % of days (217 days) had
mean temperature below freezing point. The frequency of winter days was sig-
nificantly decreasing over the research period at majority of stations with a rate of
about —3 days per 10 years. We found the most significant downward trend at the
high mountain Kasprowy Wierch station (« < 0.001). In the last two years of the
research period (2014, 2015) the number of winter days was very low.

In the Upper Vistula Basin, ice days (Fig. 5) constituted about 10 % of days a
year; their frequency was distinctly higher at Kasprowy Wierch station (40 % of
days). At majority of stations, the highest number of ice days was found in 1963,
except for Zakopane and Kasprowy Wierch where the maximum occurred in the
1950s (82 days in 1956 and 117 days in 1952, respectively). At majority of stations
ice days were very rare in the first part of the 1970s but the index reached its
minimum value in 2015. The fraction of ice days was diminishing in the Upper
Vistula Basin over the research period, however the trends were weaker than those
for winter days, being significant at only two of eight stations (Tarnéw: —2 days per
10 years and Kasprowy Wierch: —3 days per 10 years). In the recent years clear
decrease in the number of ice days can be seen since the first pentad of the 21st
century with the only exception of the 2010 flood year.

Summer days with average temperature > 15 °C (Fig. 6) constituted on average
22-35 % of days per year including the Zakopane station. At the Kasprowy peak,
their frequency dropped to only 4 % of days a year. The year with the highest
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percentage of summer days was 2002 and, at some stations, 2003 (Zakopane,
Bielsko-Biata). Hot days (Fig. 7) did not occur at all at Kasprowy Wierch station in
the research period while at other stations they constituted from 15 % (Lesko) to
21 % (Tarn6w) of days in a year. In the Tatra Mountains, the upper limit of the hot
days occurrence is placed at the level of about 1800 m a.s.l. The record-breaking
frequency of hot days occurred in 2002 (Tarnéw, Rzeszéw and Katowice) or in
2012 (Bielsko-Biata, Lesko, Kielce). Zakopane experienced the highest number of
hot days in 2015.

In the Upper Vistula Basin, very hot days were rather rare constituting on
average from 2 % (Zakopane) to 9 % (Tarndéw) of days a year. Such days did not
occur at all at Kasprowy Wierch (Fig. 8) because their occurrence is limited to the
altitude of about 1200 m. In the research period it was possible to point out several
years with clearly high frequency of very hot days including 1963, 1992, 1994,
2003, 2006, 2007, 2010, 2012, 2013. However, their record breaking frequency
was noted in 2015 when daily maximum temperature exceeded the threshold of
30 °C during 21 days (Lesko) to 32 days (Tarnéw), depending on station. Even in
Zakopane where average frequency of very hot days equalled 0.4 day, 6 such days
were noted in 2015. The long-term courses of warm temperature indices were less
spatially variable over the research period compared with cold temperature indices.
Actually, at every station two periods with opposite trend direction can be distin-
guished. Decrease in all warm temperature indices covered the first three decades of
the research period (1951-1980). The minimum values of warm day indices fell at
the turn of the 1970s and 1980s and then there was their gradual increase. Linear
trends calculated over the entire research period were statistically significant at
majority of station excluding Lesko and Tarnow. Magnitude of statistically sig-
nificant trends (at least o < 0.5) varied from 0.5 days (Kasprowy Wierch) to
3.8 days (Bielsko-Biata) per 10 years for summer days, from 1.9 days (Zakopane)
to 3.9 days (Tarnow) per 10 years for hot days and from 1.1 day (Bielsko-Biata) to
1.9 day (Tarnéw) per 10 years for very hot days. Trends in both air temperature and
thermally characteristic days indicate statistically significant (often at o < 0.001)
increase in air temperature which in future is likely to manifest itself as increase in
the frequency of extreme weather events.

4 Changes in Precipitation of the Upper Vistula Basin

The occurrence of precipitation and its amount strongly depend on altitude and
atmospheric circulation which is also triggering temporal precipitation variability.
In the Upper Vistula Basin, linkage between precipitation amount and altitude is
clearly seen both in annual, seasonal and monthly precipitation totals which at
Kasprowy Wierch station (1750.4 mm) are twice or even more as high as at other
stations (Table 5). In summer, the region received about 40 % (from 35 % at
Kasprowy Wierch to 43 % in Zakopane) while in winter about 16 % of annual total
(from 13 % in Zakopane to 20 % at Kasprowy Wierch). Spring and autumn
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precipitation totals were almost equal. Such an annual course of precipitation is
typical in moderate continental climate. Monthly extremes fell in July (maximum)
and February (minimum) (Table 5).

The most recent flood year (2010) had the highest ever annual precipitation total
at nine stations in the large region (1646 mm in Zakopane, 1562 mm in Poronin,
1518 mm in Witéw, 1215 mm in Tarnéw, 1154 mm in Nowy Sacz, 1150 mm in
Szaflary, 1104 mm in Lesko, 1029 mm in Tomaszéw Lubelski, 964 mm in
Jablonka). At other nine stations precipitation in 2010 was counted between the
highest values in the series: 2nd highest record in Hala Gasienicowa: 2359 mm (in
2001: 2626 mm), 2nd in Bielsko-Biata: 1478 mm (in 1966: 1505), 2nd in Rzeszow:
966 mm (in 1966: 1009 mm), 3rd in Morskie Oko: 2256 mm (in 1974: 2290 mm;
in 2001: 2271 mm), 3rd in Katowice: 965 mm (in 1974: 1011 mm; in 1977:
973 mm), 6th in Sandomierz 720 mm (in 1966: 860 mm), 7th in Biatka Tatrzanska:
1015 mm (in 1970: 1128 mm; in 2001 1062 mm), 10th in Kasprowy Wierch:
2117 mm (in 2001: 2600 mm), and 11th in Kielce: 744 mm (in 1966: 1000 mm;
2001: 918 mm).

The highest daily precipitation totals recorded in the Upper Vistula Basin were,
in some cases, only slightly lower than mean monthly totals (Cebulak 1992, 1997;
Ustrnul and Czekierda 2009). Daily precipitation exceeded 100 mm at least once at
six out of 10 stations. The highest daily total at Kasprowy Wierch reached
232.0 mm but it did not beat the record of 300 mm measured on 30 June 1973 at
Hala Gasienicowa. Daily maximum precipitation totals for each month and each
station are presented in Table 6. Flood precipitation in the Tatra Mountains is
usually noted at days with air advection from north-east under an influence of low
pressure system. Such a situation is usually linked to stationary low with its centre
located over Ukraine. Additionally, resulting long-lasting precipitation is enhanced
by orographic effect. Sometimes extreme precipitation totals are a result of torrential
rainfall of a short duration and local extent as it happened in Sandomierz
(140.5 mm) at night 25/26 of July 2011 and had damaging effect. This
flood-causing rainfall was linked to the convective cell which flew from the
south-eastern sector and stopped to give exceptional 3-h shower of an unexpected
intensity. Variability of flood conditions in the Southern Poland and the Tatra
Mountains was presented in several latest publications (cf. Kundzewicz et al. 2012;
Niedzwiedz et al. 2015; Ruiz-Villanueva et al. 2016).

Changes in precipitation within the Upper Vistula Basin were earlier discussed
in a few general publications (Cebulak 1997; Degirmendzi¢ et al. 2004; Lupikasza
2010) including those based on the longest time series for Cracow (Trepiniska 1969,
1983, 1997; Twardosz 1999, Niedzwiedz et al. 2009). In order to assess long-term
variability in precipitation characteristics during the last 65 years (1951-2015), we
investigated its annual, summer and warm half-year totals as well as maximum
daily precipitation in these seasons. We also analysed the frequencies of days with
high precipitation (> 30 and >50 mm) which can be used as indirect index of
flood-prone conditions. Since we did not identify any monotonic increases in the
chronological series of precipitation indices we decided to fit a polynomial of the
5th order to the data in order to identify the periods of precipitation abundance and
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deficit. The patterns of long-term precipitation variability, shown in Figs. 9, 10, 11,
12, 13 and 14, allow identification of wetter and drier periods which in case of all
indices were quite synchronic. The most individual features were found in the
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Fig. 9 Annual precipitation totals at selected stations in the Upper Vistula Basin in the period
1951-2015 (bars—observed number of days, lines—fitted 5th order polynomial)
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Fig. 11 Maximum daily summer precipitation totals at selected stations in the Upper Vistula
Basin in the period 1951-2015 (bars—observed number of days, lines—fitted Sth order
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period 19512015 (bars—observed number of days, lines—fitted 5th order polynomial)
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Fig. 14 Annual number of days with precipitation >30 mm at selected stations in the Upper
Vistula Basin in the period 1951-2015 (bars—observed number of days, lines—fitted 5th order
polynomial)

pattern for Kasprowy Wierch. Annual precipitation totals which ranged between
566.5 mm (Sandomierz) to 1750.4 mm (Kasprowy Wierch) were lower than
average in the first decade of the research period covering the 1950s and between
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1980 and 1995. The wettest years were identified to occur in 1960s and at the turn
of the centuries. The third pentad of the 21st century, just after the exceptionally
floody year 2010, exhibits clear decrease in annual precipitation totals (Fig. 9). The
year 2015 was recognized as one of the driest in the series. Relatively dry 1950s
and 1980s and relatively wet 1960s and the turn of the centuries were also iden-
tified, however with small shifts, in the long-term course of other indices.

In summer the Upper Vistula Basin received on average 334 mm (from
616.7 mm at Kasprowy Wierch to 227.7 mm in Sandomierz). Average summer
precipitation totals from wet decades were by about 20 % higher than averages
from dry period. In fact, this disproportion was not very distinct but noticeable
(Fig. 10). Summer might be expected as the season of the highest maximum daily
precipitation totals. Indeed, at six of ten meteorological stations, daily precipitation
records were recorded in summer, but at other stations absolute maximums were
noted at other seasons. At all stations, summer precipitation totals have been
decreasing since 2010. Such a tendency was also spotted in the long-term course of
summer daily maximums but not at every station. For example at Kasprowy Wierch
there was an increase in the variability of daily maximums from year to year which
finally resulted in weak increasing tendency since the beginning of the 21th century
(Fig. 12). In the Upper Vistula Basin, significant increase in summer air tempera-
ture was not accompanied by any clear tendency in precipitation.

Long-term course of warm half-year precipitation totals and daily maximums did
not differ from general pattern identified (Figs. 12 and 13). It could be mentioned,
however, that this half-year received from 59 % (1030.7 mm) to 69 % (783.8 mm)
of the annual precipitation total. In the wettest years warm half-year precipitation
constituted from 149 % (Lesko) to 195 % (Tarndéw) of the average value for 1951—
2015. In contrast, precipitation totals in the driest year were as low as 43 %
(Rzeszow) to 69 % (Zakopane) of the average value for 1951-2015. Changes in
precipitation totals seem not to be directly related to changes in air temperature and
do strongly vary in time. However, in some periods, for example in the first and the
last decade of the research period, an increasing tendency in air temperature was
accompanied by a decreasing tendency in precipitation. This suggests that the
periods with lower temperature are typically wetter than the periods of high tem-
perature. This applies only to overall aggregated precipitation totals and not to short
intervals and extreme events. This is indicated by high maximum daily precipitation
totals which were registered in the summers and warm half-years of the last decade
of the research period (Figs. 11 and 13).

There is strong spatial and temporal variability in precipitation, so that trends are
usually insignificant and can change in a short time. Trends in monthly, seasonal
and annual precipitation totals in the Upper Vistula region are shown in Table 7.
These trends were calculated with linear regression of least squares method and its
significance was tested with nonparametric Mann-Kendall test. Most trends were
not statistically significant. Noticeable changes were identified in a few cases only.
Furthermore trend directions also varied depending on the season and the station.
Even trends in annual totals were of various signs. March and September were the
only months with increases noted at every station while in August opposite,
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Fig. 15 Annual number of days with precipitation > 50 mm at selected stations in the Upper
Vistula Basin in the period 1951-2015

negative trends were found at every station (Table 7). Seasonal precipitation totals
experienced more uniform changes. Spatially coherent increase was identified in
spring and autumn precipitation. However, significant trends were only detected in
Rzeszoéw (+7.5 mm per 10 years in spring).

In the Upper Vistula Basin, precipitation > 30 mm occurred, on average, several
times a year with maximum at Kasprowy Wierch (9 days) and minimum in
Sandomierz (1.3 days). The record-high frequencies of days with heavy precipi-
tation fell in different years, depending on the station. However, they accumulated
during previously recognized wet periods, namely in 1960s and in particular years
of the 1995-2015 period. Tarnéw was the only station with statistically significant
increase in the frequency of days with precipitation > 30 mm. This tendency was
particularly visible between 1995 and 2010 (Fig. 14).

Days with precipitation > 50 mm are very rare in the Upper Vistula Basin
(Fig. 15). Even at the most rainy station, Kasprowy Wierch, they occurred on
average only 3 times a year. At other stations the frequency of such days varied
between 1.2 days (Zakopane) and 0.2 days (Sandomierz, Kielce). In the long-term
course, daily precipitation > 50 mm showed tendency to cluster in the second half
of the 1960s or between 1965 and 1975 and in the last three pentads of the research
period.

We performed detailed analysis of precipitation characteristics using daily data
taken from 18 meteorological stations (Table 1; Fig. 1) located within the Tara
Mountains and Podhale Basin. The meteorological series that we used end in
different periods depending on station (Table 1). We investigated maximum 10-day
precipitation total and maximum monthly precipitation total by calculating average
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indices for the WMO climatological standard period 1961-1990 and for the 1991-
2011 (or 1991-2013 depending on tha data availability). These values were com-
pared with the values of indices in the flood year of 2010, as well as with maximum
value for the studied period.

Trend detections (Radziejewski and Kundzewicz 2004) for maximum 10-day
precipitation totals showed a statistically significant increase at o < 0.05 for
Tomaszéw Lubelski and Lesko. We also found weak (o < 0.25) upward trends at
four further stations including Hala Ggsienicowa, Poronin, Rzeszéw and Tarnéw.
The comparison of average maximum 10-day precipitation totals for 1961-1990
with 1991-2013 (or 1991-2011) showed that in case of every station the index for
the latest period was higher than that for the base period 1961-1990 (Fig. 16). The
biggest difference was noted in Poronin (29 mm; 21.5 % of the average 1961-
1990) while at other eight stations the increase reached about 10 % with minimum
in Rzeszow: 4.2 %. At six stations the highest maximum 10-day precipitation total,
just like annual totals, occurred in 2010 while at other five stations the index for
2010 was rated among the highest values.

Maximum monthly precipitation totals significantly increased at the level of 0.05
at stations: Lesko, Tarnow and Tomaszow Lubelski. Similar trends but significant
at o < 0.1 were also found at Hala Gasienicowa and Rzeszow. On the other hand at
three stations (Biatka Tatrzanska, Szaflary and Witow) increases, however very
weak, were also identified. At every station, average monthly precipitation for
1991-2013 (or 2011) was higher than that for the WMO base period 1961-1990.
The biggest difference was recognised in Poronin (42 mm; 21.8 %). For other nine
stations the differences were usually higher than 10 % but the smallest one—3.3 %
—was noted at Kasprowy Wierch.

Figure 17 presents mean maximum monthly precipitation total for the normal
period 1961-1990 and for the latest period 1991-2013. Also, the values of monthly
precipitation total for the flood year 2001 and the maximum value from the entire
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Fig. 17 Comparison between mean monthly maximum precipitation total for the period 1961-
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Fig. 18 Comparison between mean monthly precipitation total for July in the period 1961-1990
with the mean value from period 1991-2011 (left) or 1991-2013 (right); the value for July during
flood 2001 year and the maximum value for all research period

period are shown. At every station located on the northern foothills of the Tatra
Mountains, maximum monthly precipitation total was registered in the flood year
2001. However, we found no significant changes in monthly precipitation in July,
when the totals are the highest of all monthly values. The mean July precipitation
totals from the period 1991-2013 (or 2011) were higher than these from the WMO
normal period. This increase was fairly evident at 10 stations, where the difference
in precipitation totals was higher than 20 %. The highest increase was calculated for
Poronin (54 mm; 37.9 %); for another six stations precipitation was recently higher
by 10 % than in previous period. The lowest increase was detected in Tarnow
(2.6 %).

Figure 18 depicts average monthly precipitation totals for July and extreme
values for 2001 and the maximum for the entire research period. Beside July, May
is the second month of large flood occurrence in the studied period. May precipi-
tation has slightly increased in Tomaszoéw Lubelski and at stations: Lesko, Nowy
Sacz, Rzeszow, Poronin and Zakopane. The flood during May and June 2010 was
one of the most destructive floods in Poland. Precipitation in May 2010 was the
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Fig. 19 Comparison between mean monthly precipitation total during May for period 1961-1990
with the mean value from period 1991-2011 (left) or 1991-2013 (right); the value for May during
the flood 2010 year and the maximum value for all research period

highest of the whole available period at 16 stations. Furthermore, average May
precipitation for the period 1991-2013 (or 2011) was higher than for the WMO
base period at 12 stations, with the highest increase in Rzeszow: 15.9 % i.e.
11.2 mm (Fig. 19).

5 Links Between Temperature and Precipitation

Although there are several non-climatic factors influencing flood hazard, climate
change is considered to be one of the principal drivers of the flood frequency.
Climate models indicate that severe precipitation and rain-caused floods are likely
to become more frequent due to climate warming at various spatial scales (from
global via continental, national to regional and local) (IPCC 2013). However
relations between precipitation and air temperature are not straightforward.
Undebatable increase in air temperature is not currently accompanied by significant
increase in precipitation. This is supported by correlation analysis that we per-
formed between precipitation characteristics and summer air temperature (Fig. 20).
The only significant (o < 0.01) inverse correlation (r = —0.33) was found between
temperature mentioned and the number of days with precipitation >30 mm.
Decrease in precipitation characteristic in the periods of relatively high temperature
in summer was also possible to notice in the long-term course of temperature and
precipitation indices discussed previously in this chapter. Decrease in precipitation
as a reaction on temperature increase is also proved by differences of temperature
and precipitation indices calculated between the 1951-1987 and 1988-2015 periods
presented in Table 8. Significant increase in air temperature and insignificant
decrease in summer precipitation at majority of stations was found in summer.
Trends in the frequency of days with precipitation > 30 mm were insignificant and
had different dirrections.
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Fig. 20 Regression between mean summer precipitation totals and mean summer air temperature
in the Upper Vistula Basin in the period 1951-2015. Mean is the arithmetical average from 10
stations

Figure 21 presents mean precipitation at nine stations, divided into daily pre-
cipitation intensity ranges (0—10, 20-20, ... 40-50 mm, and above 50 mm) for two
periods: 1961-1990 (WMO climatological standard normal) and more recent,
warmer interval 1991-2013. Mean precipitation for the warmer interval 1991-2013
was slightly lower in the range of 40-50 mm, but much higher in the range above
50 mm. This illustrates the increase in precipitation intensity.

Figure 22 presents the mean annual number of days with precipitation in par-
ticular ranges for two periods, 1961-1990 and 1991-2013. Only for precipitation
range 30—40 mm mean number of days is lower for warmer period 1991-2013. In
all other cases mean annual number of days with precipitation was higher than in
the base WMO period.

Figure 23 illustrates the time series of mean temperature and precipitation total
in the warm half-year, from April to September. A broken-line trend can be spotted,
consisting of two linear trends for sub-intervals, 1955-1984 and 1985-2013. In the
former sub-interval, slight decrease in temperature and precipitation can be spotted,
while in the latter sub-interval both variables are on the rise. However, looking at
individual warm half-years, one can see that both time series are in counter-phase,
i.e. a local minimum of one coincides with a local maximum of the other. Wet
warm half-years 2001 and 2010 coincided with local temperature minima, while a
dry half-year 2012 coincided with local temperature maximum.
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Fig. 21 Mean precipitation at nine stations, divided in daily precipitation intensity ranges (0-10,
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6 Conclusions

The Upper Vistula Basin with the Tatra Mountains located in the south-eastern part
of Poland are very specific in the scale of the country due to its natural environment
which results from variegated altitude. In addition the Tatra Mountains play crucial
role in flood precipitation generation being an orographic barrier for air masses
flowing into the region from the north-eastern sector. The climatic condition and its
changes in the Tatra Mountains can lead to changes in flood condition thus. Using
data from 18 meteorological stations covering the period 1951-2015 this chapter
discusses changes in air temperature and precipitation characteristics within the
Upper Vistula Basin.

Air temperature in the Upper Vistula Basin, likewise on global scale, was sig-
nificantly rising during the research period. Distinct warming on annual scale
started in the first half of the eighties. Different pattern of long-term variability were
found for particular seasons. Spring and summer air temperature has been signifi-
cantly increasing, particularly since the beginning of the eighties, with the rate of
0.21 to 0.40 K per 10 years depending on season and station. Winter air temper-
ature trends were much weaker, however significant at some stations while no
significant changes were found in autumn. Upward trends in air temperature within
the Upper Vistula Basin were also reflected in the frequency of thermally charac-
teristic days which were significantly changing during the research period. Strong
downward trends were found in the frequency of winter days (Tavg < 0 °C) while
trends in warm temperature characteristics (hot and very hot days) were positive.

Although there was significant warming in the flood seasons, no significant
trends were found in the precipitation indices in the period 1951-2015 in spite of
single stations. Moreover these insignificant trends were of various directions
depending on station and season. March, September and August were the only
months with coherent trends within the entire research area. On seasonal scale quite
coherent increases were identified in spring and autumn. On the other hand trend
analysis performed for shorter periods (to 2011 or 2013) revealed more coherent
increases, but also insignificant. Additionally, the highest values of many precipi-
tation indices occurred in flood years of 2001 and 2010. Important is that in the
long-term course of daily precipitation > 50 mm there was a tendency to their
clustering in the second half of the sixties or between 1965 and 1975 and in the last
three pentads of the research period.

Trend analysis for 18 stations revealed precipitation increases, but in most cases
they were not statistically significant due to precipitation strong irregular natural
variability. Every increase in precipitation, especially an increase in long lasting
precipitation, i.e. in 10-day precipitation total and monthly precipitation total for the
stations located in the area of the Upper Vistula basin can contribute in the future to
more severe flash floods and landslides in small catchments of the mountainous
tributaries of the Vistula (such as the River Dunajec) and it can generate flood
events on lower area of Poland.
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Significant increase in air temperature is not currently accompanied by signifi-
cant increase in precipitation thus changes in precipitation are not directly related to
changes in air temperature and they possibly vary in time. Relations between
precipitation and air temperature are not straightforward. The results indicate that
strong increase in air temperature is rather accompanied by decrease in precipitation
frequency and amount. However, this applies only to overall precipitation totals and
not to extreme events which are random and can occur unexpectedly. Flood pre-
cipitation can also occur during drier periods, as in the last decade of the research
period.
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