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Abstract. This article attempts to assess the future occurrence of a drought using the Sieljaninova
hydrothermal index (HTC). Air temperature and total precipitation were simulated for current conditions
(2000) and forecast for eight locations of meteorological stations in Poland according to the HAD and
GFDL scenarios for RCP 45 and 60 for 2040 and 2060.

1 Introduction

The study of climate variability is a topic of interest for
many scientists in many diverse fields, including, among
others, hydrologists, meteorologists, farmers, and
foresters. All would like to determine as precisely as
possible what climatic conditions will prevail in a given
area in the future [1 — 10]. Greater computing power
allows us to analyze increasingly complex models while
showing that there are more factors affecting the
environment.  Therefore, the problem remains
unresolved.

In accordance with various scenarios of climate
change for Central Europe, the temperature increase will
be accompanied by a very small increase in annual
rainfall which will be redistributed over the year - an
increase in the winter will be accompanied by a decline
in the summer [11 — 14]. In this situation with poor
retention possibilities and a simultaneous increase in
evaporation, it should be expected that the amount of
water that is useful for plants will be reduced during the
growing season, with the possible depletion of post-
winter stocks. As the authors of the works [15, 16]
indicate, one must not neglect the effect of the growing
variance of precipitation and temperatures, which means
that extreme situations which are unfavorable in plant
production will occur more frequently.

One elements to observe is the assessment of the
amount of water present in a given area, especially in
extreme values, i.e. floods and droughts. Different types
of indicators are used to assess the severity of water
shortages. One of these is the Sjeljaninowa hydrothermal
indicator (HTC) [17, 18]. The pattern, which has been
tested by the Russian researcher, assesses drought
according to the following formula:

1wE%_, P
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Ly=y Ti
where:
n - length of the period considered in days,
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F; - rainfall on the i-th day [mm],
t; - average daily temperature on the i-th day [° C].

The indicator is properly interpreted when £; > 10°C,
i.e. for average daily temperatures greater than 10°C
according to the following scale: extremely dry (HTC <
0.4), very dry (0.4 < HTC <0.7), dry (0.7 < HTC < 1.0),
quite dry (1.0 < HTC < 1.3) and optimal (1.3 < HTC <
1.6).

Long-term water shortages cause significant losses
particularly in agricultural areas. Therefore, drought
monitoring is carried out primarily during the growing
season (from April 1 to September 30). The advantage of
this indicator over others is the fact that only readily
available information is needed to determine it, i.e. the
amount of rainfall and average daily temperature [19-
20]. Strings of any length can be considered, however,
those most frequently analyzed are 15-day and 30-day
observation strings.

2 Materials and methods

The idea of simulating spatial meteorological data using
a spatial generator is widely described in the literature
[21 — 24]. The SWGEN model generates two-stage
precipitation. First, it uses the a first-order Markov chain
to determine the state of the day (whether precipitation
occurred or did not occur), then the precipitation is
obtained by correlating two-parameter gamma
distributions. Different values for solar radiation (SR),
maximum  temperature (Tmax) and  minimum
temperature (Tmin) are generated by means of
multidimensional time series AR(1). According to the
SWGEN model, the required characteristics were
determined for each station (mean value, standard
deviation, daily sum of rainfall, transition probabilities,
correlations) for the following variables: solar radiation
(SR), minimum and maximum temperature (Tmin and
Tmax).
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The data simulation was applied to eight sites located
in central Poland (Fig. 1). Daily data of maximum and
minimum air temperature, and total precipitation from
a 30-year data series (1981-2010) of the meteorological
network within the study area were obtained from the
Institute of Meteorology and Water Management
National Research Institute. Evaluation was made of the
hydrothermal conditions for current climate conditions
(simulations for 2000) and of conditions for the time
horizon of 2040 and 2060.

Fig. 1. Location of measurement stations in the territory of
Poland.

3 Results

For the time horizon to 2040, the probability of the
occurrence of individual drought conditions for selected
cities was calculated. Each month was regarded as
a change to which the schedule was adjusted. Gamma
distribution was chosen because it best suited the
existing data. With the help of R software (An R
Package for Fitting Distribution), the parameters of this
distribution were estimated for each month and then the
probabilities were determined. The results are showned
in Tables 1 — 8. The same calculations were made for the
time horizon 2060 (Tab. 9 — 16).

Table 1. Extremely dry conditions (HTC < 0.4), model GFDL,
RCP 45, 2040.

City v \Y VI VIl VI
Chojnice | 1.6% | 3.0% 29% | 4.5% 1.5%
Kalisz 55% | 4.1% 3.8% | 8.4% 3.6%
Kielce 1.0% | 0.9% 0.6% 1.6% 1.6%
Leszno 45% | 4.7% 29% | 5.4% 4.7%
L6dz 3.8% 2.9% 21% | 126% | 1.7%
Poznan 5.9% | 4.4% 22% | 8.6% 3.7%
Toruh 4.3% 5.1% 3.3% | 6.1% 1.9%
Warszawa | 2.9% 3.4% 4.6% 9.4% 3.1%

Table 2. Extremely dry or very dry conditions (HTC < 0.7),
model GFDL, RCP 45, 2040.

City v \% Vi VII VII

Chojnice | 9.1% | 19.3% | 18.1% | 20.8% | 10.0%

Kalisz 22.5% | 26.3% | 20.3% | 35.8% | 19.1%

Kielce 6.5% | 10.0% | 6.0% | 12.4% | 10.5%

Leszno 19.0% | 26.0% | 16.7% | 24.3% | 23.0%

Lodz 15.9% | 20.7% | 13.3% | 42.6% | 12.2%

Poznan 23.0% | 23.2% | 14.3% | 34.4% | 18.2%

Torun 20.5% | 29.7% | 16.5% | 27.3% | 11.2%

Warszawa | 16.0% | 20.1% | 21.0% | 35.9% | 16.6%

Table 3. Extremely dry conditions (HTC < 0.4), HAD model,
RCP 45, 2040.

City v \% VI VII VI

Chojnice | 3.2% 2.3% 3.3% 3.5% 0.7%

Kalisz 5.7% 5.9% 3.0% | 9.7% 3.8%

Kielce 2.2% 1.0% 0.5% 1.6% 2.2%

Leszno 2.2% 4.1% 2.7% 6.3% 3.5%

Lodz 4.7% 3.2% 1.7% | 11.8% | 2.4%

Poznan 6.0% 4.0% 2.8% 6.7% 3.2%

Torun 6.8% 4.6% 2.7% 4.3% 1.5%

Warszawa | 6.0% 2.8% 3.8% 8.1% 2.6%

Table 4. Extremely dry or very dry conditions (HTC <0.7),
HAD model, RCP 45, 2040.

City v \Y Vi VII VII

Chojnice | 15.2% | 17.1% | 16.7% | 16.9% | 7.2%

Kalisz 241% | 26.7% | 16.7% | 34.4% | 19.2%

Kielce 11.2% | 9.5% 4.7% | 10.9% | 12.9%

Leszno 12.9% | 23.6% | 14.8% | 24.2% | 20.6%

Lodz 19.1% | 20.9% | 11.2% | 37.7% | 15.1%

Poznan 253% | 21.1% | 142% | 29.9% | 17.7%

Torun 27.1% | 26.4% | 13.9% | 21.5% | 10.4%

Warszawa | 24.0% | 17.7% | 17.2% | 30.1% | 16.0%

Table 5. Extremely dry conditions (HTC < 0.4), model GFDL,
RCP 60, 2040.

City v \Y% Vi VII Vil

Chojnice | 3.7% 1.8% 2.1% 3.7% 2.2%

Kalisz 5.9% 3.7% 2.4% 6.1% 5.3%
Kielce 2.6% 1.3% 0.3% 1.5% 1.8%
Leszno 6.9% 4.5% 1.9% 2.8% 2.8%
Lodz 5.0% 3.1% 1.8% | 104% | 2.1%
Poznan 9.9% 3.3% 1.5% 7.5% 3.8%
Torun 1.0% 1.4% 0.7% 1.5% 2.4%

Warszawa | 6.1% 2.3% 4.2% 7.0% 3.8%
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Table 6. Extremely dry or very dry conditions (HTC <0.7),

Table 10. Extremely dry or very dry conditions (HTC < 0.7),

model GFDL, RCP 60, 2040.

model GFDL, RCP 45, 2060.

City A% \% VI VII VI City v \% Vi VII Vi
Chojnice | 18.2% | 13.2% | 13.7% | 17.0% | 13.9% Chojnice | 11.5% | 19.9% | 17.4% | 20.7% | 12.6%
Kalisz 24.6% | 21.1% | 142% | 29.0% | 26.2% Kalisz 22.5% | 25.8% | 19.4% | 38.9% | 22.0%
Kielce 12.0% | 10.1% | 3.6% | 10.4% | 13.6% Kielce 9.0% | 129% | 6.5% | 13.3% | 15.3%
Leszno 240% | 21.9% | 11.9% | 16.6% | 16.6% Leszno 19.3% | 28.5% | 14.7% | 22.4% | 23.2%
Lodz 18.8% | 17.9% | 10.8% | 36.3% | 16.0% Lodz 23.2% | 22.9% | 13.2% | 42.6% | 15.4%
Poznan | 31.2% | 17.3% | 10.4% | 28.9% | 21.9% Poznan 249% | 23.4% | 11.6% | 352% | 21.7%
Torun 6.9% | 11.5% | 6.4% | 11.8% | 13.2% Torun 243% | 27.5% | 13.5% | 32.9% | 12.2%
Warszawa | 23.6% | 15.2% | 18.2% | 28.9% | 20.8% Warszawa | 18.7% | 19.4% | 19.6% | 36.1% | 18.2%

Table 7. Extremely dry conditions (HTC < 0.4), HAD model,

Table 11. Extremely dry conditions (HTC < 0.4), HAD model,

RCP 60, 2040. RCP 45, 2060.

City v \Y VI VIl VI City v \Y VI VII VI
Chojnice | 13.3% | 11.6% | 6.7% | 6.8% 7.5% Chojnice | 4.2% 3.0% 3.3% | 4.6% 1.2%
Kalisz 175% | 7.8% 51% | 11.3% | 14.7% Kalisz 5.8% 5.7% 3.1% | 8.4% 3.2%
Kielce 9.5% 5.2% 21% | 2.5% 9.5% Kielce 2.5% 1.9% 0.5% 1.7% 1.8%
Leszno 13.7% | 7.7% 37% | 6.1% | 19.1% Leszno 58% | 4.7% 27% | 3.9% 3.5%
L6dz 15.0% | 11.0% | 4.6% | 15.1% | 8.7% Lodz 45% | 4.2% 1.7% | 113% | 1.3%
Poznan | 21.3% | 7.6% 3.2% | 10.9% | 15.3% Poznan 8.7% | 4.1% 2.4% 6.6% 6.6%
Torun 24.1% | 15.9% | 5.0% | 8.9% 9.9% Torun 8.0% | 4.9% 2.0% 6.8% 1.5%
Warszawa | 22.8% | 10.7% | 8.0% 8.0% | 11.1% Warszawa | 6.4% 2.8% 3.7% 8.4% 2.0%

Table 8. Extremely dry or very dry conditions (HTC < 0.7),
HAD model, RCP 60, 2040.

Table 12. Extremely dry or very dry conditions (HTC < 0.7),
HAD model, RCP 45, 2060.

City v \Y VI VIl VI City v \% Vi VII VII
Chojnice | 13.3% | 11.6% | 6.7% 6.8% 7.5% Chojnice | 17.0% | 18.1% | 17.2% | 19.5% | 8.9%
Kalisz 17.5% | 7.8% 5.1% | 11.3% | 14.7% Kalisz 243% | 275% | 16.7% | 32.3% | 18.6%
Kielce 9.5% 5.2% 2.1% 2.5% 9.5% Kielce 12.2% | 12.6% | 4.6% | 11.9% | 11.4%
Leszno 13.7% | 7.7% 3.7% 6.1% | 19.1% Leszno 22.3% | 23.4% | 14.3% | 19.4% | 20.4%
Lodz 15.0% | 11.0% | 4.6% | 15.1% | 8.7% Lodz 18.6% | 22.6% | 10.9% | 39.9% | 10.8%
Poznan 21.3% | 7.6% 3.2% | 10.9% | 15.3% Poznan 29.1% | 21.0% | 13.1% | 28.7% | 28.7%
Torun 24.1% | 15.9% | 5.0% 8.9% 9.9% Torun 28.7% | 26.8% | 12.0% | 26.5% | 10.6%
Warszawa | 22.8% | 10.7% | 8.0% 8.0% | 11.1% Warszawa | 25.6% | 19.2% | 17.5% | 32.4% | 14.4%

Table 9. Extremely dry conditions (HTC < 0.4), model GFDL,

Table 13. Extremely dry conditions (HTC < 0.4), model

RCP 45, 2060. GFDL, RCP 60, 2060.

City v \Y VI VIl VI City v \Y VI VII VI
Chojnice | 2.3% 3.5% 29% | 4.2% 2.2% Chojnice | 2.7% 2.2% 2.0% 2.5% 1.4%
Kalisz 50% | 4.1% 35% | 10.3% | 4.9% Kalisz 71% | 4.1% 26% | 9.5% 4.8%
Kielce 1.6% 1.7% 0.7% | 2.0% 3.0% Kielce 1.8% 0.9% 0.5% 1.4% 2.5%
Leszno 4.2% 6.7% 2,1% | 4,7% 4.8% Leszno 5.1% 3.4% 16% | 4.3% 6.0%
Lodz 4.8% | 4.4% 20% | 12.1% | 2.4% Lodz 4.5% 3.1% 18% | 11.4% | 3.2%
Poznan 6.8% | 4.3% 15% | 8.7% 5.1% Poznaf 7.0% 2.9% 0.9% 7.3% 4.9%
Torun 6.3% | 4.4% 22% | 9.7% 2.0% Torun 7.4% 5.4% 1.7% | 45% 2.8%
Warszawa | 4.1% 2.9% 4.1% 9.6% 3.7% Warszawa | 5.1% 2.2% 3.3% 3.3% 3.5%
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Table 18. Extremely dry or very dry condition (HTC <
0.7), current data.

Table 14. Extremely dry or very dry conditions (HTC <0.7),
model GFDL, RCP 60, 2060.

City A% \% VI VII VI City v \% Vi VII Vi
Chojnice | 13.1% | 14.4% | 12.4% | 14.3% | 11.3% Chojnice | 12.7% | 12.7% | 12.7% | 12.7% | 12.7%
Kalisz 26.3% | 22.0% | 14.4% | 33.7% | 23.7% Kalisz 25.1% | 22.6% | 14.4% | 32.6% | 24.0%
Kielce 10.1% | 8.1% 45% | 10.3% | 15.3% Kielce 9.5% 94% | 3.8% | 12.0% | 15.5%
Leszno 20.9% | 20.4% | 11.3% | 19.8% | 28.2% Leszno 20.1% | 21.0% | 12.7% | 20.1% | 23.9%
Lodz 18.4% | 17.5% | 10.8% | 38.1% | 18.9% Lodz 18.1% | 14.9% | 10.2% | 37.2% | 16.1%
Poznan 26.6% | 17.3% | 7.6% | 30.1% | 23.2% Poznan 28.9% | 18.7% | 10.4% | 10.4% | 18.3%
Torun 27.0% | 25.0% | 10.2% | 20.6% | 15.6% Torun 25.7% | 20.8% | 10.9% | 25.0% | 15.1%
Warszawa | 22.0% | 14.7% | 15.6% | 15.6% | 20.2% Warszawa | 23.1% | 15.3% | 13.2% | 34.0% | 20.9%

Table 15. Extremely dry conditions (HTC < 0.4), model HAD,

Table 16. Extremely dry or very dry conditions (HTC <0.7),

HAD model, RCP 60, 2060.

All these results relate to current data that are showned in

Tables 17, 18.

Table 17. Extremely dry conditions (HTC < 0.4), current data.

RCP 60, 2060. These probabilities were calculated based on the

probability density of Gamma distributions. This

City v \% Vi \1 Vi distribution was chosen because it best approximated

Chojnice | 14.7% | 7.8% | 7.0% | 56% | 5.9% HTC vglues in the vegetz_;ltion periods in Poland_. Tr_le

| 165% | a7 | 4me | 1ave | sean | EICUROS W made s e sl ncion

Kielce 9.9% 3.4% 1.2% 2.6% 10.4% Screenplays for June (F|g 2 — 9)
Leszno 10.4% | 6.8% 4.1% 8.6% | 16.6% . . L
Designations used in figures 2 —9:
Lodz 17.0% | 9.5% 3.8% | 17.3% | 12.1% (1) - current data

Poznah | 17.7% | 6.6% | 4.1% | 10.0% | 14.6% (2) — GFDL RCP4.5 2040,
Toruh | 25.2% | 12.9% | 52% | 6.9% | 8.6% (3) - GFDL RCP4.5 2060,
Warszawa | 22.0% | 7.8% | 7.3% | 12.3% | 12.3% g’; h SEB:: 2gggg 5828

(6) — HAD RCP4.5 2040,
(7) - HAD RCP4.5 2060,
(8) - HAD RCP6.0 2040,

City v v Vi | v | v (9) — HAD RCP6.0 2060.
Chojnice | 49.2% | 43.1% | 32.5% | 26.7% | 28.5%
Kalisz | 50.1% | 34.8% | 23.6% | 44.8% | 47.1% Warszawa
Kielce | 38.9% | 26.8% | 11.3% | 18.3% | 35.7% L2
Leszno | 35.7% | 32.0% | 20.9% | 32.3% | 51.6% 1.0
Lodz | 52.2% | 46.2% | 22.7% | 51.5% | 40.5%
Poznah | 52.2% | 28.9% | 19.9% | 41.2% | 455% s
Torut | 67.4% | 54.3% | 26.0% | 33.2% | 32.2% 0.6
Warszawa | 61.4% | 39.2% | 30.6% | 42.8% | 41.5% o4

0.2

0.0

12 1.6 2.0 2.4
City v Vv VI VI VI HTC
Chojnice 2.1% 2.1% | 2.1% 2.1% 2.1% S G, T (SR QU N
Kalisz 5.2% 45% | 2.4% 8.7% 5.8%
Kielce 16% 12% | 0.3% 2.0% 3.3% Fig. 2. Warszawa — June — estimated probability density
i i ' ; ; function for various weather scenarios.
Leszno 4.3% 41% | 1.9% 4.6% 5.3%
Lodz 4.3% 21% | 15% | 105% | 3.0%
Poznan 8.6% 3.8% | 1.4% 1.4% 3.1%
Torun 6.6% 3.0% | 1.8% 6.4% 3.1%
Warszawa 5.3% 24% | 2.0% 9.3% 4.8%
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Fig. 3. Kielce — June — estimated probability density function

for various weather scenarios.

Fig. 6. Leszno — June — estimated probability density function

for various weather scenarios.
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Fig. 4. Chojnice — June — estimated probability density

function for various weather scenarios.

Fig. 7. £odz — June — estimated probability density function for

various weather scenarios.
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Fig. 5. Kalisz — June — estimated probability density function

for various weather scenarios.

Fig. 8. Poznan — June — estimated probability density function

for various weather scenarios.
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Fig. 9. Torun — June — estimated probability density function
for various weather scenarios.

4 Conslusions

The lowest probability of the occurrence of extremely
dry and very dry states occurs most frequently in Kielce.
For the fixed model, the highest values occur most often
for July. For the same model, no increase was observed
due to extension of the time horizon. For the same time
horizon and another RCP, there was no increase in the
value of HTC due to higher RCP. Some of the highest
probability of drought occurs in central part of Poland.
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