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ABSTRACT. In the recent decades, droughts and dry episodes throughout a year have
become common for both arid and humid regions. The Carpathian Mountains referred to as
natural water towers are also the case. Accordingly, the study aims and distinguishing
monthly and daily patterns and peculiarities of precipitation shortage in the high-mountain
areas (above 1000 m) of the Polish and the Ukrainian Carpathians using monthly and daily
data series (1984-2015) of weather stations Kasprowy Wierch (1991 m a.s.l), Dolina Pigciu
Stawow (1670 m a.s.l) and Morskie Oko (1408 m a.s.l) in the Polish Carpathians, Play
(1343 m a.s.l) and Pogegevskaya (1429 m a.s.l) in the Ukrainian Carpathians. Here, in all
the months throughout a year, dry episodes have been detected. In the Polish Carpathians,
represented by three measuring stations, the driest episodes in the years took place from
August to October and January, and slightly less — about 11-16% in the remaining months.
In the monthly context, the highest frequency of dry months, exceeding 20%, is detected in
June both in Pogegevskaya, as well and in April and July in Play. In March, April, as well
as November extreme atmospheric drought took place in the entire area of the Polish Tatra
Mountains, the highest mountain range of the Polish Carpathians. In all the measuring
stations of the area in November 2011, the precipitation amount did not exceed 11 mm.
They accounted for less than 10% of the average multiannual precipitation sum. Alongside,
the positive trend in the years from 1984 to 2015 with significance levels of 0.1 and 0.2 was
only established in the lowest monthly precipitation sums at Pogegevskaya. The longest
episodes without precipitation, periods that begin and end with a day without precipitation,
are detected in most parts of the study area in October and November 2011, especially in
the western and southern parts of the Polish Carpathians.

Keywords: atmospheric droughts, periods without precipitation, Standardized
Precipitation Index, extremely dry periods, Carpathians

INTRODUCTION

The shortage of precipitation is a natural feature of climate, which in turn is

caused by the long-term deficit. Due to the fluctuations and variability of
precipitation, especially in the area, the identification of periods with a shortage of
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precipitation should be carried out considering the local characteristics of the area
(EDO, 2017).

The deficit of precipitation is supported by high air temperature, high insolation, as
well as low air humidity (De Bono et al., 2004; Rebetez et al., 2006). The effects of
drought in the area are not only socio-economic, but also environmental. According to
research by Hanel et al. (2018), extreme droughts that hit Europe in 2003 and 2015
(Ionita, 2017) were caused by the precipitation and high air temperature. Long-lasting
precipitation deficit may result in the development of subsequent phases of drought,
including soil and even hydrological drought (Labedzki, 2006; Mishra and Singh,
2010). In the years of 1994-2004 most of the droughts took place in Bosnia and
Herzegovina — 3, and in Croatia and Spain — 2 (Bartkiewicz et al. 2005). Further
intensification of hot and dry periods, particularly severe in southern Europe, the
northern coast of France and the southern part of the British Isles is expected
(Bartkiewicz et al. 2005; Przymusinska et al. 2004). Besides, the results of the research
by Spinoni et al. (2020) based only on atmospheric precipitation, indicate that about
15% of the Earth's surface will probably experience more frequent and severe droughts
in the years 2071-2100 compared to the period 1981-2010. On the other hand, using
precipitation and air temperature for medeling droughts, Spinoni et al. (2020) predict
more frequent and severe droughts in South America, the Mediterranean region, South
Africa, Southeast China, Japan, and South Australia. The evidence of the atmospheric
drought occurrence with catastrophic effects with not only in Europe but also in other
countries are found numerous scientific works, including Fink et al. (2004), Vicente-
Serrano et al. (2012), Spinoni et al. (2013); Vido et al. (2015); Brazdil et al. (2015);
Cebulska (2016, 2018); Spinoni et al. (2020).

In the light of the research conducted by Spinoni et al. (2015), the drought-prone
areas in Europe have increased, while in Ukraine previous studies have not detected
any trends in the drought intensity or distribution, especially in the mountainous
areas (Cherenkova et al., 2015). However, in the Polish and Ukrainian Carpathians,
periods of days without precipitation are found. The longest such period took place
in October and November 2011 and lasted up to 40 days, covering western and
southern parts of the Polish Carpathians (Cebulska, 2018).

Accordingly, the study concerns the assessment of the periods with a shortage of
precipitation based on daily precipitation totals and monthly precipitation totals from
the Polish and Ukrainian meteorological stations. In the case of daily precipitation
totals, particular attention was paid to the periods without precipitation as well as the
frequency of periods with insufficient precipitation. However, in the case of monthly
precipitation totals, the severity of atmospheric drought is assessed considering the
Standardized Precipitation Index (SPI) to detect dry periods.

2. STUDY AREA, DATA AND METHODS

The Polish and Ukrainian Carpathians are the area of research. The mountain
range, located in Central and Eastern Europe, forms an arc about 1300 km long. The
Polish Carpathians in particular stretch from west to east for 330 km covering 19,600
km® which is about 6% of the country's area. Within them are the Polish Tatra
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Mountains with the highest peak — Rysy, 2499 m above sea level (Warszynska,
1995). On the other hand, the Ukrainian Carpathians occupy 3.6% of the territory of
Ukraine (Kovalchuk et al., 2012). Here, the area at altitudes higher than 1,000 m
a.s.l., where the most precipitation occurs, makes up 9.2% of the Ukrainian
Carpathians and remains controversial area regarding the precipitation variability
(Kholiavchuk and Cebulska, 2019).

Accordingly, the variability of periods with precipitation deficit using the daily
and monthly sums of precipitation for the years 1984-2015 at five measuring stations
(Fig. 1) is addressed. In the area of the Polish Carpathians, three weather stations
located above 1000 m above sea level located in Kasprowy Wierch, Dolina Pigciu
Stawoéw and Morskie Oko are considered. In the Ukrainian Carpathians, two weather
stations located in Play and Pogegevskaya are considered. Daily and monthly
precipitation totals from measuring stations located in the Polish Carpathians were
obtained from the Institute of Meteorology and Water Management - National
Research Institute, while from the measuring stations in the Ukrainian Carpathians,
they were obtained from the Central Geophysical Observatory of the State
Emergency Service of Ukraine. In the case of daily precipitation totals, the study
considers data from 1991-2015 from Dolina Pigciu Stawdw, and from Play and
Pogegevskaya stations from 1984-2010.
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Fig. 1. Location of weather stations (the altitude of the station is given in brackets
above sea level)

An important element in the assessment of meteorological drought is the analysis
of the frequency of periods without precipitation as well as detection of the frequency
of dry periods with different intensity. Based on the database of daily precipitation
totals, the frequency of periods without precipitation different in duration is
determined. Here, the series of days without precipitation begins and ends with the
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day in which no precipitation is detected are considered. The daily sums of
precipitation are also analysed. For this purpose, the classification of daily
precipitation was applied (Olechnowicz-Bobrowska, 1970; Twardosz, 2000;
Cebulska, 2018), according to which the precipitation amount was considered
insufficient when the total daily sum does not exceed 1 mm. Considering common
positive asymmetry and gamma distribution for precipitation sequence,
transformation function for normalization procedure is applied (Labedzki, 2017).
Periods with the precipitation deficit are determined using the commonly used
indicator for the identification of meteorological drought — the Standardized
Precipitation Index (SPI) for one month (SPI-1) (McKee et al., 1993, 1995;
Labedzki, 2006, 2017; Hayes et al., 2011).
sp] = [®)=F(®)

u

(D
where:

f(P) = VP — converted normalized sum of precipitation, mm;

m — the average value of normalized precipitation sequence, mm;

d,, — the standard deviation of normalized precipitation sequence, mm.

An extremely dry period was considered one for which the value of the SPI index
< -2.0, while the very dry period was considered one for which SPI is within the
values -2.0 + -1.50, and a moderately dry period when SPI —-1.50 + -1.00 (McKee
etal., 1993, 1995).

3. RESULTS AND DISCUSSION

3.1. The course of periods without precipitation and with insufficient

precipitation

On average, less than 47% of days without precipitation each year are detected in
the study area. The most, 46.5% of the days on average, occurs at Morskie Oko, and
the least — 30% at Pogegevskaya. Days with low or very low precipitation (0.1-1.0
mm) at observed at each station, but the biggest number of the days occurred in the
eastern part of the Carpathians (19%), while in the area of the Polish Tatra Mountains
their number did not exceed 15%. Using the database of daily precipitation sums, the
frequency of the sequence of days without precipitation of various duration (from 1
day to the longest period without precipitation) was determined. The period of days
without precipitation begins and ends with a day in which no precipitation occurred.
At each measuring station, the greatest number of days was single without rainfall
(less than 7%). Longer periods without precipitation occurred much less frequently.
However, periods with days without precipitation lasting successively from 1 day to
14 days are detected at each weather station. Thus, the longer the period without
precipitation, the lower its frequency. The periods with the duration over 15 days
occur sporadically and not at all stations.

The longest periods without precipitation in the area ranged from 20 days at
Kasprowy Wierch to 39 days in the Dolina Pigciu Stawow. At the weather stations
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Play and Pogegevskaya, the longest period without precipitation was 24 days at Play
and 33 consecutive days at Pogegevskaya (Table 1).

Table 1. Number of consequent days without precipitation
(year of occurrence is given in brackets)

Station Number of consequent days without precipitation
20-25 26-30 31-35 36-40
Play 1 (2000) - - -
Morskie Oko 2 (1984,1993) 1 1 -
(2007) (2011
Pogegevskaya - - 1 -
(2000)
Dolina Pigciu 1(2011) - 1 1
Stawdw (1993) (1991)
Kasprowy Wierch 1(2011) - - -

All the stations are located above 1000 m above sea level, where high
precipitation sums are common. However, even in such an area, prolonged periods
without precipitation lasting more than 20 days are observed. They are characteristic
of autumn in the different decades. In the Polish Tatra Mountains, November 2011,
when the deficit of precipitation is noticed, deserves special attention (Cebulska and
Twardosz 2010; Twardosz and Cebulska 2020). This period at Kasprowy Wierch
lasted from November 6 to November 15, and at Morskie Oko from October 26 to
November 29. At Pogegevskaya, the station located at an altitude of 1,429 m above
sea level, the longest period lasted from September 24 to October 26, 2000.

3.1. The course of meteorological drought periods

All the weather stations are in the area with the highest monthly precipitation in
the Polish and Ukrainian Carpathians. However, periods of low precipitation are also
characteristic of these regions. In the entire study period, at each meteorological
station, most of the detected dry periods are moderately dry (Table 2), and the least
— extremely dry. The least of dry months (59) with different levels of drought
intensity are detected at Play, the station located at an altitude of 1,343 m above sea
level, while the most (65) — at Pogegevskaya stations and at Dolina Pigciu Stawow.
At Kasprowy Wierch, the highest station in the research area, 10 extremely dry
months occurred in the 32-year period. In the years 1984-2015, most of the dry
months with different levels of drought severity took place in October (20%). In the
remaining months, the occurrence varies from 11% in November to 17% in
September. At each station, on average, dry month with different levels of drought
severity took place every three years. Most of the dry periods were moderately dry,
for which SPI index is from -1.0 to -1.50.
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Table 2. Number of dry months with different levels of drought severity

. Dolina
Drought Morskie o Kasprowy
severity Play Oko Pogegevskaya quel,u Wierch
Stawow
Moderately
dry 29 36 35 46 34
Very dry 18 17 22 13 17
Extremely
dry 12 7 8 6 10
Sum 59 60 65 65 61

Alongside, not every month in the annual course was moderately dry. For
example, such a period was not noticed in March at Kasprowy Wierch, in January
and February, August and December at Play and April at Pogegevskaya. The highest
number of moderately dry months in the entire study area occurred in July and
October — 21 (65.6%), and the least in November — 9 (28%).

The highest number of very dry months, with SPI in the range - 1.5 + - 2.0 in the
area above 1000 m above sea level is 4 (12.5%) in April in the Ukrainian
Carpathians. At the other stations, the number of very dry months in the 32-year
period was up to 3 in January, March, and May in the eastern part of the Carpathians,
and in August, September and October in the western part. November was very dry

only two times (6.3%) and March — 3 times (9.4%).
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Fig. 2. Dry periods with different levels of drought severity: a) Dolina Pigciu Stawow, b) Play

Most of the very dry months occurred at separate stations (Table 3). Only in
August and September, the drought affected 4 weather stations. This took place in
August 2003 and September 2006. Both in August 2003 at Dolina Pigciu Stawow
and in September 2006 at Pogegevskaya, the months were not very dry, but
moderately dry. In the period from June to August 2003, many regions of Europe
not only experienced the precipitation deficit, but the air temperature was 5°C higher
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than the average temperature in the years 1961-1990. Thus, the 2003 summer has
become the warmest summer in this area since at least 1864 (Fink et al., 2004, De
Bono et al. 2004). According to the research by Hanel et al. (2018), droughts in 2003
and 2015 caused by a significant precipitation deficit and high air temperature are
considered the most extreme.

Table 3. Number of very dry months in the same year at weather stations

Number | I II m [Iv |V VI | vl | VI | IX | X XI | XII
of stations
1 4 3 5 3 3 4 3 3 2 3
2 2 - 1 - - 1 - 1 - 1
3 - 2 - 1 - - 1 1 - -
4 - - - - - - - 1 1 - - -
5 _ _ _ _ _ _ _ _ _ _ _ _

An extremely dry month is detected at least at one station throughout a year
(Table 4). However, in January 1989, September 1986, and November 2014, an
extreme drought occurred in the Ukrainian part of the Carpathians. Then, the
monthly precipitation sum did not exceed 30% of the long-term average monthly
sum. The lowest monthly precipitation in November 2014 (9 mm) is just about 8%
of the long-term average monthly sum. In November 2011, extreme drought also
occurred at all the stations (Table 4), when the monthly precipitation sum did not
exceed 5% of the long-term average monthly sum at separate weather stations.

Table 4. Number of extremely dry months in the same year at weather stations

Number | | II 111 v |V VI VII | VIIT | IX X XI XII
of stations
1 — 32241211 ]-11
2 2 > - =1 =1 =T =1T1]1]27]-
3 =T -1t =1T=T=T11=-1T=71T=-71-
4 _ | = _ I _ _ _ _ _ _ _
5 — =T =1=T=T=1=1T=-1T=1T=7T17-=

In the 32-year period, July 1990 at Morskie Oko was extremely dry according to
the SPI classification. Then, the monthly precipitation was 45.4 mm (which is 29.9%
of the long-term average). December 2015 also turned out to be an extremely dry
month at Play. The monthly precipitation was 30.2 mm, which is 24% of the long-
term average. However, most of the extremely dry months occurred in November —
7 (22%). It is the only month when extremely dry conditions at least once a month
are detected at each weather station e. August also turned out to be an extremely dry
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month at each weather station. It was August 2015in the western part, and August
2000 at Play and 1992 at Pogegevskaya in the eastern part of the Carpathians.

In the entire study area, the most severe atmospheric drought occurred in
November 2011, when the SPI value ranged from -2.70 at Pogegevskaya to -3.89 at
Morskie Oko. In November 2011, the meteorological drought covered the entire
study area, when only the southern (Sa), western (Wa) and anticyclonic (Ka) types
of atmospheric circulation dominated (Cebulska, 2018). At Pogegevskaya,
meteorological drought of different levels of drought severity lasted up to four
consecutive months — January, February, March, and April 1991. At the other
stations, the drought covered two or even three consecutive months. In general, in
the 32-year period, dry months with different degrees of drought severity occurred
from August to December as well as in January and March (Table 5). Moreover,
such periods occurred at four stations each month.

Table 5. Dry periods (SPI<-1,0) that occurred at all the stations.

Dry months | I I 11T IV |V | VI]| VII | VIII | IX X XI | XII
with
different B I S
levels of § § § § § g §
drought |~ - o X - o o
severity -

4. CONCLUSIONS

1. Both in the Polish and Ukrainian Carpathians, in the 32 year-period, episodes
without precipitation occurred at each measuring station, but with a different
frequency. Among them single days without precipitation are the most frequent from
4.9% at Pogegevskaya to 6.7% at Kasprowy Wierch. The longer the period without
precipitation, the less of such cases are noticed. Periods without precipitation lasting
7 days are noticed from 19 cases at Pogegevskaya to 45 cases at Morskie Oko. On
the other hand, days without precipitation, lasting continuously 14 days are recorded
at each station, but less than 5 cases. At the highest station Kasprowy Wierch the
longest sequence of days without precipitation was 20 days. In the whole area, the
number of days without precipitation did not exceed 50% in any of the
meteorological stations.

2. In the whole area, insufficient precipitation with the total daily amount less
than 1 mm occurred most often in the Ukrainian Carpathians - 19%, while in the
Polish Carpathians at Kasprowy Wierch —14.5%.

3. At each weather station throughout the entire study period most of the dry periods
is moderately dry and the least — extremely dry months. The lowest number of dry
months (59) with different drought intensity is noticed at Play, while the highest
number is recorded at Pogegevskaya and Dolina Pieciu Stawow. At the highest station
Kasprowy Wierch, 10 extremely dry months occurred in the 32-year period.
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4 At least one extremely dry month at each meteorological station is detected, but
only in November 2011 an extreme drought at all the stations is observed. That was
the month with the monthly precipitation sum less than 5% of the long-term average
at separate meteorological stations.
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