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Abstract: The nature of drought conditions is estimated using a range of indices describing
different aspects of drought events. Three drought indices are evaluated, namely the
Standardized Precipitation Index (SPI), Standardized Precipitation Evapotranspiration Index
(SPEI) and Standardized Runoff Index (SRI), using observed hydroclimatic data and applying
them to hydro-meteorological projections into the 21st century. The first two indices are
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evaluated using only meteorological variables and from this point of view, are be�er suited to
meteorological drought projections than the third index, SRI, which is based on catchment
discharge and represents hydrological drought. We assess information contained in those
indices and their suitability to catchment scale climate projection drought assessment in ten
selected Polish catchments, representing different hydro-climatic conditions, which are used as
a case study. Projections of climatic variables (precipitation and temperature) are obtained from
the EURO-CORDEX initiative derived from seven climate models at a grid resolution of 12.5
km for the time period 1971–2100. Future runoff projections for the catchments are obtained
using a conceptual rainfall-runoff model (HBV). The results of analyses of indices based on
observations in the reference period show consistent estimates for most of the catchments.
Hydro-meteorological climate model projections for three periods, including the reference
period 1971–2000, and two 30-year periods, near-future 2021–2050 and far-future 2071–2100,
are used to estimate changes of future drought conditions in the catchments studied. The
results show a substantial variation of temporal drought pa�erns over the catchments and their
dependence on projected precipitation and temperature variables and the type of indices
applied. Of the three indices studied, only SPEI projections indicate drier conditions in the
catchments in the far-future period. The other two indices, SPI and SRI, indicate we�er climates
in the future.

Keywords: SPI; SPEI; SRI; climate change; EURO-CORDEX; drought projection; Poland

1. Introduction

Climate change is often measured by changes in the main climate variables, such as global
surface air temperature and precipitation [1]. Global climate model (GCM) projections of these
variables show that the Earth will be warmer in the future [2,3,4]. This implies an increasing rate of
evapotranspiration, which could bring a distortion (imbalance) of water content in the atmosphere
and surface water [5]. Hence, studies of the impact of global climate change on different sectors
(water resource management, agriculture and ecosystems) become an important scientific research
area across the world besides their economic and social importance [6,7,8]. This is because changes
in precipitation and temperature have a direct impact on drought and flood occurrence [9,10,11]
and therefore, may have a serious impact on humans, infrastructure, and environment [12,13].

According to [12] the definition of drought is categorized into four concepts: meteorological,
hydrological, agricultural, and socioeconomic. The first three definitions are related to physical
phenomena and climate variables [14,15]. The last is based on water supply and demand through
socioeconomic systems. The concepts behind the first three categories are similar; a drought is
defined as an extended period of abnormally dry weather, sufficiently prolonged for the lack of
water to cause a serious hydrologic imbalance (i.e., precipitation deficit, soil moisture deficit, water
level decline, water supply shortage, etc.) in the affected area [16] and is caused mainly by a lack of
precipitation and rise air temperature (high evapotranspiration), and depletion of soil moisture
level over a long time period [17,18].

In the future both precipitation and evapotranspiration are expected to change with global
warming at different scales across the globe. Many researchers in Poland have studied historical
drought characteristics [19,20,21], the relationship between the state of the atmosphere and the
occurrence of meteorological drought [22,23] and drought changes in the future using different
climate model projections [24]. A review of these and many other similar studies indicates that the





relative precipitation index (RPI), the effective drought index (EDI), the standardized precipitation
index (SPI) and the climatic water balance (CWB) methods have been employed for the
identification of historical drought and the estimation of future drought conditions in Poland. The
SPI method has been the favoured choice of most studies due to its simplicity. According to [24,25],
an increase in temperature and changes in rainfall are expected in future in Poland, which might
have a strong impact on different sectors (water resource, agriculture, health). However, the idea
that increased evaporative demand in a warmer world might enhance drought has been missed in
Polish research. This issue is relevant not only to Polish research but also globally. Li�le has been
done to quantify and explicitly separate the relative contribution of changes in precipitation and
evaporative demand to the magnitude and extent of global warming-induced drought [14].
Therefore, using the standardized precipitation Index (SPI), standardized precipitation
evapotranspiration index (SPEI) and standardized runoff index (SRI) can lead to understanding the
effects separately, i.e., the SPI might help us to understand the implications of precipitation for
meteorological drought conditions in the selected catchments, the SPEI also considers the
evapotranspiration, whereas the SRI considers the catchment dynamics [26,27].

The use of drought indices which include precipitation, air temperature, evapotranspiration and
flow data in their formulation (such as the SPI, SPEI and indirectly, SRI) might be preferable for
applications involving future climate scenarios [27]. These types of indices are essential for
assessing drought in relation to different hydrological systems, and differentiating among different
drought conditions. The SPI, SPEI, and SRI indices are used for detecting, monitoring and exploring
the consequences of climate change on drought conditions [26,28,29].

The aims of this paper are: (i) to compare SPI, SPEI and SRI indices in order to evaluate their
ability to describe historical drought, including the transformation of meteorological drought into
hydrological drought and the spatial characteristics of both, (ii) to investigate how drought is
expected to change in the 21th century, using the SPI, SPEI and SRI drought indices and the newest
source of climate projections (EURO-CORDEX initiative) for ten catchments in Poland. These aims
are novel in respect of the use of data from EURO-CORDEX in Poland and the development and
comparison of SPI, SPEI and SRI projections into the 21st century in Polish catchments.

A description of the study area and the hydro-climatic characteristics of the selected catchments
and input data are included in Section 2. Section 3 presents the applied drought indices SPI, SPEI,
and SRI. The results of drought projections using seven RCM/GCM climate models are presented in
Section 4. Finally, we summarize the results and conclude our research findings in Section 5.

2. Study Area and Data Input

2.1. Study Area

Poland is located in Central Europe, occupying a transitory temperate climate zone, influenced by
a mild oceanic climate from the west and a dry continental climate from the east. The country is
divided into different climatic zones, with we�er southern and northern parts and a drier middle
part. The mean annual precipitation over Poland in the period 1961–2009 was 623.7 mm [30] but the
central part of the Western Carpathian Mountains reached precipitations higher than 1000 mm.
Precipitation higher than average is observed in both southern and northern Poland. The lowest
values are observed in central Poland. Prevailing atmospheric circulation pa�erns may also
influence the water balance in a catchment. The mean annual air temperature over Poland in the
period 1951–2008 was 7.9 °C, with lower air temperatures (7.6 °C) in the eastern part and higher (8.2
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°C) in the western part of Poland. Differences in air temperature due to elevation are also visible
[30].

The study area includes ten catchments (Figure 1). The catchments were chosen to ensure that
they have nearly-natural conditions. Catchment characteristics, including the name of the
catchment, gauging station name, flood regime, catchment area and mean elevation, as well as land
cover are listed in Table 1. Four catchments: Nysa Kłodzka, Wisła, Dunajec and Biała Tarnowska are
located in the south. These catchments are characterized by relatively high elevations. The other
catchments (Myśla, Flinta, Guber, Łasica and Narewka) are located in the lowland area. The
catchment area ranges from 297 km  to 1555 km . The selected catchments are characterized by
semi natural conditions without significant changes in land use and water management work.
According to Corine land cover data [31], the catchments are covered mostly by forest except the
Wisła and BiałaTarnowska catchments where agriculture is the dominant land use. In the Narewka
and Flinta catchments, the percentage of forest-covered area is higher than in the other catchments,
almost 79% and 91%. The area of catchments with urban land use varies from almost zero for
Narewka to almost 10% for the Oleśnica catchment.

Figure 1. The location of the selected catchments in Poland.

Table 1. List of catchments and their characteristics.

2.2. Input Data

2.2.1. Observations

The meteorological (daily rainfall and air temperature) and hydrological (streamflow) data from
1971 to 2010 time period were acquired from the Institute of Meteorology and Water Management
(IMGW), Poland.

For hydrological application, it is often necessary to compute aerial precipitation for a watershed
from a number of rain gauge observations as the precipitation at one geographical point may not be
representative of the precipitation on a catchment scale. In this study, the Thiessen Polygon method
was used to calculate catchment daily precipitation, interpolated from a number of rainfall-gauging
stations.

2.2.2. Climate Model Projections

2 2
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To assess the impact of climate change on drought conditions, we used the newest source of
climate projections available from the EURO-CORDEX initiative [32,33]. Simulations of EURO-
CORDEX data use the new Representative Concentration Pathways (RCPs) scenario products,
which are defined and explained in the fifth IPCC report [34]. The RCP4.5 is an “intermediate
pathway” in which radiative forcing is stabilized after 2100 [35]. The climatic variables are obtained
in the form of time series of daily sums of precipitation and mean daily air temperatures derived
from seven different climate models: CNRM-CM5-CCLM4-8-17 (m1), EC-EARTH-CCLM4-8-17
(m2), EC-EARTH-HIRHAM5 (m3), EC-EARTH-RACMO22E (m4), EC-EARTH-RCA4 (m5), MPI-
ESM-LR-CCLM4-8-17 (m6) and MPI-ESM-LR-RCA4 (m7). The selected combination of models
consists of three GCMs: EC-EARTH, MPI-ESM-LR and CNRM-CM5 and four RCMs (Table 2). These
RCM/GCMs provide projections of climatic variables up to the year 2100 at a resolution of 12.5 km.
The analyses of hydro-meteorological conditions were conducted for the whole 1971–2100 period.
For comparison, three time-frames are used: 1971–2000 called the reference period, and two future
periods: the near future 2021-2050 and the far future 2071–2100.

Table 2. A list of applied climate models.

The quality of climate projections of precipitation and air temperature is very important for
reliable future drought projections. The RCM/GCMs simulations are generally biased and cannot be
used as forcing variables in drought projection without some form of prior bias correction. Several
studies have been performed in which a bias correction method was applied to RCM data (e.g.,
[36,37,38,39]). In this study, the Quantile Mapping (QM) method [40,41,42] was applied for each
catchment to correct the simulated precipitation and air temperature time series. In the case of
precipitation, the observations and simulations are approximated using two gamma distributions,
one for low and intermediate precipitation intensity (up to the 95% quantile) and one for the
extreme intensity (above the 95% quantile) [43]. These two distributions describing the observations
are compared with the distributions derived for the simulated time series in the reference period
1971–2000. On this basis, a transformation of quantiles of simulated time series relative to the
observed quantiles are derived. In addition to the correction of precipitation values, the number of
wet days is also corrected based on the empirical probability of non-zero values in the observations.
Due to the problems with a realistic simulation of the annual cycle for precipitation, these
transformation are derived independently for each month. The transformations derived in the
reference time period are later applied to correct simulations of future climatic conditions. In the
case of temperature, the extreme value distribution was used to remove the bias from the raw air
temperature data. This method involves the creation of a transfer function to correct the
distribution function of the simulated values to match the distribution function of the observed
values. A detailed description of corrected climatic projections for ten studied catchments is
presented in [44].

3. Drought Indices

There are many studies of drought indices (e.g., [14,45]). The selection of indices depends mainly
on the research objectives (e.g., water resource management, ecosystem management, wetland,
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drought protection and reservoir operation). In this study, we apply three drought indices: the SPI
[46,47], the SPEI [48] and SRI [26].

3.1. Standardized Precipitation Index (SPI)

One of the most popular meteorological drought indices, the SPI, was developed for drought
monitoring by [47]. It is based on the statistical analysis of precipitation data at a given location.
The precipitation sums over a specified time period, the so-called aggregation scale, are used to
develop a cumulative probability of these time series. Usually a gamma distribution is fi�ed (using
a maximum likelihood approach) to the observed precipitation totals, although other distributions
could also be used [49]. In order to enable a comparison of SPI values across different locations, the
quantiles of estimated gamma distribution are transformed into standard normal variables.
Therefore, the negative values of SPI indicate lower than median precipitation and positive values
indicate we�er than median conditions. In this paper, the SPI-12 was estimated using 12 months
aggregated sums of precipitation. The choice of that aggregation scale was dictated by its best
performance regarding the correlation with the inter-annual changes in precipitation and the
relevance to the other indices studied.

3.2. Standardized Precipitation Evapotranspiration Index (SPEI)

The Standardized Precipitation-Evapotranspiration Index (SPEI) was introduced by [48]. It is an
extension of the SPI, i.e., it uses similar normalisation approach, but it takes into account both
precipitation and potential evapotranspiration. Therefore, it accounts for losses due to the increase
of temperature in the evaluation of atmospheric water demand. The SPEI is based on an
atmospheric water balance, which is calculated as a difference between precipitation and potential
evapotranspiration. In this work, potential evapotranspiration was calculated using the temperature
based Hamon method. A log-logistic probability distribution is fi�ed to the empirical distribution
of sums of those differences aggregated over a chosen time-period. Similarly, as in the case of the
SPI, the quantiles of estimated log-logistic distribution are transformed into standard normal
variables. Its main advantage in climate studies lies in taking into account increasing temperatures
that will influence water demands and its comparativeness with the other similarly derived indices.
It requires only climatological information and no other assumptions are made on the system
studied. Its main limitation lies in its dependence on the method of derivation of potential
evapotranspiration. Similarly as with other climatic indices, at least 30-year long sample periods
should be used in order to account for natural climate variability. Similarly as the SPI, the SPEI can
be estimated on a range of scales from 1 month onwards. In this work, the SPEI was evaluated on
the 12 month aggregation period. As mentioned before, that scale was chosen to depict inter-annual
variability of the wetness conditions in the catchment.

3.3. Standardized Runoff Index (SRI)

The Standardized Runoff Index (SRI) was introduced by [26] and is defined in the same way as
SPI with runoff variable used instead of precipitation. Streamflow, as a component of the
hydrological cycle, is related to infiltration, ground water dynamics, superficial runoff, soil
moisture, etc.; therefore the time-response of runoff against precipitation will depend on the
characteristics of the basin: size, complexity, landuse, etc. So, the SRI takes into account, in addition
to precipitation, other elements of the hydrologic cycle that are relevant in many basins and are
difficult to be modeled. Thus, it is convenient to consider SRI as a complement to SPI and SPEI. For
future climate projections, streamflow is simulated using a rainfall-runoff model. In this study, we
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apply the HBV model, calibrated using observations from the reference period (1971–2000) and
validated on observations from the years 2001–2010. A detailed description of an applied version of
the model is presented in [50,51]. The daily values of precipitation, air temperature and potential
evapotranspiration are used as input variables to the HBV model. An automatic calibration of the
HBV hydrological model was performed to get the best agreement between the observed and
modelled runoff measured by the Nash-Sutcliffe criterion [52]. The 14 parameters of the model were
calibrated for the period of 1971–2000 and validated for 2001–2010. The results of model calibration
and validation are described in detail in [50]. The obtained NS values vary between the catchments
in the range 0.48–0.80 for the validation stage.

3.4. Drought Classification according to SPI, SPEI and SRI

The values of three drought indices studied (SPI, SPEI and SRI) give an indication of the relative
dryness/wetness in the analysed periods. Due to standardization to normal distribution, they have
the same ranges and are directly comparable, which allows a quantification of drought classes to be
performed. We follow the most popular classification scheme presented in Table 3 [46].

Table 3. Classification of drought according to the SPI, SPEI
and SRI values.

4. Results

4.1. Evaluation of Drought Indices in the 1971–2000 Period using Observations

The SPI, SPEI and SRI may be evaluated at different accumulation periods, from 1-month
onwards. In this study, a 12-month accumulation period was used, allowing for the integration over
the whole year cycle [26]. The indices differ in their description of drought. As mentioned in
previous sections, SPI is based solely on precipitation, SPEI uses precipitation and potential
evapotranspiration as input variables and SRI is based on flow. Therefore, the SPI and SPEI describe
meteorological drought, whilst SRI refers to hydrological drought. A comparison of temporal
pa�erns of SPI-12, SPEI-12 and SRI-12 indices under specific drought conditions gives an indication
of how well those indices represent historical drought and also informs on their ability to illustrate
the transformation of meteorological drought (described by SPI-12 and SPEI-12) into hydrological
drought (SRI-12) [26]. The la�er was tested by comparison of temporal pa�erns of indices for two
geographically different catchments, Biała Tarnowska and Narewka. Figure 2 presents the SPI-12,
SPEI-12 and SRI-12 evaluated using observations from the period 1971–2000 for these catchments.

Figure 2. Comparison of the SPI-12, SPEI-12 and SRI-12 time
series derived for Biała Tarnowska (a,c,e) and Narewka (b,d,f)
catchments in the 1971–2000 period. The blue and red colours
denote conditions, respectively, we�er or than a median from
the 1971–2000 period.





Figure 2a,b presents temporal pa�erns of SPI-12 for Biała Tarnowska (Figure 2a) and Narewka
(Figure 2b). Blue colour indicates wet conditions (higher than median from that period) and red the
dry conditions. It is visible that three types of 3–5 year clusters can be distinguished: (i) mostly wet,
(ii) mostly dry and (iii) annually alternating dry and wet. Comparison of the SPI-12 for Biała
Tarnowska and Narewka catchments shows that wet and dry periods do not occur at the same time
in both catchments. In the case of Biała Tarnowska, the precipitation deficit occurred in the period
1982–1997 followed by mostly wet conditions. The SPI-12 pa�ern for Narewka shows alternating
dry and wet conditions. Interestingly, the meteorological drought in the 1975–1976 is visible in
Narewka and wet conditions prevail in the same time in Biała Tarnowska. This phenomenon can be
explained by the catchments location (North East for Narewka and South for Biała Tarnowska).
Both catchments show dry spell in the 1982–1983, but it is more visible for Narewka than Biała
Tarnowska. Also the dry spell in 1992 is well represented in both catchments.

The Figure 2c,d presents the SPEI-12 variability in the period 1971–2009 for Biała Tarnowska
(Figure 2c) and Narewka (Figure 2d) catchments, respectively. The SPEI-12 generally repeats the
SPI-12 temporal pa�erns in both catchments with small differences in the intensity of dry and wet
periods.

The time series of the SRI-12 estimated for Biała Tarnowska (Figure 2e) and Narewka (Figure 2f)
catchments are shown in Figure 2e, f. The SRI-12 temporal variability differs from the SPI-12 and
SPEI-12 due to an integrating behaviour of a rainfall-runoff process which is expressed by a
catchment memory. The SRI-12 indicates drier conditions in Narewka catchment than two other
indicators, starting in the 80ties and lasting until 2000. As SRI-12 describes moisture conditions in
the catchment, we can look at this period as a transition from we�er into drier conditions in
Narewka. It can be noted that this pa�ern is not reproduced neither by SPI-12 nor SPEI-12 in the
Narewka catchment. For Biała Tarnowska, the period starting in the 80 ties and ending in 1996 is
consequently shown as mostly dry by all three indices. Biała Tarnowska (southern Poland) is a
mountainous catchment whilst Narewka is situated in the lowland (north-east Poland) and their
geographic and hydro-climatic characteristics differ. The differences between indices are due to
catchment geomorphology, snow cover and human induced changes that can affect flow pa�erns.

The spatial characteristics of three drought indices for ten catchments were analysed using the
Pearson correlation coefficient. The correlation of SPI-12 values is statistically significant for all
catchments (Table 4). In this Table 4 and the following Table 5 and Table 6, the colour code from red
to orange to light green to dark green corresponds to the values of Pearson correlation coefficient
varying from 1 (red) to 0.0 (dark green). The estimated correlation coefficients permit a selection of
similar catchments taking into account pluvial conditions. The largest correlation was achieved for
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the SPI-12 in mountainous catchments Biała Tarnowska, Dunajec and Wisła, most probably due to
their close location. A lower correlation was estimated between lowland and mountainous
catchments, which also are the most distant. The results obtained for the SPEI-12 and SRI-12 (Table
5 and Table 6, respectively) resemble the estimates for the SPI. The highest values of correlation
were achieved for catchments located in neighbouring regions. In the case of lowland catchments, a
higher correlation was estimated for SRI-12 than SPI-12 and SPEI-12.

Table 4. Pearson correlation coefficient between SPI-12 in 1971-
2000 estimated for ten studied catchments.

Table 5. Pearson correlation coefficient between SPEI-12 in
1971-2000 estimated for ten studied catchments.

Table 6. Pearson correlation coefficient between SRI-12 in 1971-
2000 estimated for ten studied catchments.

The correlation analysis between the three drought indices and hydro-meteorological
observations, annual sums of precipitation and mean annual daily flow was performed to assess the
sensitivity of those indices to changes in hydro-meteorological input. The results of that analysis,
are presented in Table 7 and Figure 3. The highest values of the Person correlation coefficient were
found for the SPI-12 vs precipitation and SRI-12 vs flow, which can be explained by their direct
relationship with those two variables. It is interesting to note that SPI-12 and SPEI-12 have a similar
sensitivity to precipitation for all catchments. However, the relationship between SRI-12 and flow
shows two clusters, dividing catchments into lowland and mountainous. The division is most
probably due to the ranges of precipitation and flow, small for lowland rivers and large for
mountainous rivers. The Guber catchment is an exception, as it shows a larger range of flow values
than the other lowland rivers. This catchment is the most northerly and contains a large number of
lakes, indicating strong dependence of its discharge on groundwater system.

Figure 3. Sca�erplots showing dependency between
accumulated annual precipitation (a), mean annual daily flow
(b) and three studied drought indices (SPI-12, SPEI-12 and SRI-
12) for ten catchments.
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Table 7. Person correlation coefficients between three drought
indices (SPI-12, SPEI-12 and SRI-12) and observed annual sums
of precipitation and mean annual daily flow in the 1971–2000
period for ten catchments studied.

In the case of the SPEI-12, the calculated correlation coefficients have a bit lower values, in the
range 0.92–0.98. The correlation coefficients between precipitation and the SRI-12 and flow and the
SPI-12 are the lowest and take values between 0.4 and 0.8. There is a significant variation of the
estimated correlation coefficients between catchments. The lowest values were achieved for Guber
(SRI-12 vs. precipitation, SPI-12 vs. flow and SPEI-12 vs. flow) and Myśla (SPI-12 vs. flow).

The suitability of each of the indices for future climate predictions depends on their sensitivity to
changes of climatic variables (precipitation and temperature) and on their robustness. The SPI-12
and SPEI-12 have no memory of previous moisture conditions, SRI-12 carries a catchment memory
which is embedded in the flow pa�erns and is catchment specific, but it relies on hydrological
model simulations for future climate projections. Therefore, its estimates for future climate are
biased by the hydrological model uncertainty. The analyses based on observations reported here
indicate that each of the indices gives some valuable information on soil moisture conditions in the
catchment which also depends on catchment geomorphology and its location. In particular, the SRI-
12 gives different to the SPI-12 and SPEI-12 drought assessment in lowland catchments included in
this study.

4.2. Consistency of the Simulated and Observed Hydro-Climatological Variables in the Reference Period

Analyses of the changes in future drought conditions were carried out using air temperature and
precipitation simulations available from the EURO-CORDEX initiative, as described in Section 2.2.2.
The climate data were corrected on the basis of observations from the reference period and the same
corrections were applied to future conditions. The corrected time series were used for the
estimation of mean changes between two future periods, near future 2021–2050 (clim1) and far
future 2071–2100 (clim2), and reference period 1971–2000 (ref).

Hydrological models (Hamon method of PET calculation and HBV rainfall-runoff model),
calibrated and validated using observations from the reference period, were applied to derive
catchment discharges for future climate projections. The comparisons of simulated precipitation, air
temperature and flows with observations for the reference period 1971–2000 for the Biała
Tarnowska and Narewka catchments are presented in Figure 4. The results indicate that there are
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some differences between mean values of climate model simulations and observations. The
simulated median annual sum of precipitation over the period 1971–2000 underestimates the
observations. In the case of air temperature, there are slight differences between climate models and
underestimation as well as overestimation can be seen for median annual air temperature over the
reference period. The results of simulations of mean annual flow indicate that the median value is
underestimated for all models for the Narewka catchments and Biała Tarnowska except model MPI-
ESM-LR-CCLM4-8-17. Also the variability of sum/mean annual hydro-climatic variables in the
period 1971–2000 shows differences between climate models.

Figure 4. Comparison of simulated (seven climate models
denoted as m1, m2, m3, m4, m5 m6 and m7) and observed (obs)
annual sums of precipitation (a), annual mean air temperature
(b) and annual mean flow (c). In each box, the central red mark
denotes a median from seven climate model simulations, the
edges of the box are the 25th and 75th percentiles, the whiskers
extend to the most extreme data points not considered as
outliers, and outliers are plo�ed individually in the form of red
crosses; Biała Tarnowska-panels on the left, Narewka-panels on
the right.

4.3. Changes in Projected Precipitation and Temperature

The estimated changes resulting from the seven models in the mean annual air temperature for
the ten studied catchments are shown in Figure 5b. The results are presented in the form of absolute
changes expressed in (°C). The largest changes (from 1.3 to almost 3 °C) were estimated for the far-
future. The difference in mean annual air temperature between near future and reference periods is
smaller and ranges from 0.5 to slightly above 1.5 °C. The results indicate that there are differences
in the magnitude of the changes between catchments, climate models and two future periods. The
largest changes estimated using the median from the ensemble of climate models are projected for
Myśla, Narewka and Guber catchments located in northern Poland. A comparison of the
simulations between climate models indicates that MPI-ESM-LR-CCLM4-8-17 model projects the
lowest changes in air temperature (1.4 °C median for ten catchments) between the far-future and
reference periods. The highest changes (2.5 °C) are projected by EC-EARTH-RACMO22E and EC-
EARTH-RCA4 models.

Figure 5. Estimated absolute changes in mean annual air
temperature (°C) (b) and relative changes in mean annual sum
of precipitation (%) (a) between two future periods (2021–2050
and 2071–2100) and reference period for seven climate models
and ten catchments.

A similar analysis was performed for changes in the annual sum of precipitation and the relative
changes are presented in Figure 5a. In all cases increases of precipitation are projected, with the
changes increasing with time. The relative differences in the mean annual sum of precipitation
between the near-future and reference periods vary from 0 to 17% whilst for the far-future the
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range from 2% to slightly above 20%. There is a significant variability of the projected changes
between climate models and catchments. A comparison of projected relative changes between
catchments for the far-future with reference to 1971–2000 periods indicates higher changes in
lowland catchments and smaller changes in those located in a mountainous area. Taking into
account the difference between climate models, the three models project changes of around 6% (EC-
EARTH-HIRHAM5, MPI-ESM-LR-CCLM4-8-17 and MPI-ESM-LR-RCA4) whilst the highest
changes (13.5%) are simulated by CNRM-CM5-CCLM4-8-17 model.

4.4. Drought Projections: SPI-12, SPEI-12 and SRI-12

The SPI-12, SPEI-12 and SRI-12 values have been computed over the period 1971–2100 for 10
catchments.

A comparison of the drought projections using SPI-12, SPEI-12 and SRI-12 was carried out using
the following quantities:

median conditions according to the three indicators in the three periods: 1971–2000, 2021–2050
and 2071–2100,

frequency of drought recurrence (a number of months in a specific time reference or two future
periods) with a specified drought category divided by total number of months,

drought severity (the sum of negative values over a certain period).

4.4.1. Comparison of the Median Conditions of the SPI-12, SPEI-12 and SRI-12 in the three periods

Following the methods presented in section 3, projections of the dryness/wetness conditions in
the entire period 1971–2100 were developed using simulations of the seven climate models. The
selection of the time series that correspond to the three periods 1971–2000, 2021–2050 and 2071–2100
allows for comparison of dryness/wetness conditions in these periods and changes among them.

Drought tendencies relative to the reference period (1971–2000) for the near- and far-future using
SPI-12 (Figure 6a), SPEI-12 (Figure 6b) and SRI-12 (Figure 6c) are presented in Figure 6 for all ten
catchments and seven climate model simulations. The median conditions shown as a red line
indicate an increasing trend of the SPI-12 values with time that correspond to a decrease of a degree
of dryness in all studied catchments. The absolute median drought changes in the near and far
future period are characterized by positive values (we�er conditions). A comparison of changes of
the SPI-12 in all catchments indicates that the largest positive changes will occur in the far-future
period.

Figure 6. A comparison of the absolute changes of the SPI-12
(a); SPEI-12 (b) and SRI-12 (c) in the median dryness/wetness
conditions between two future periods and reference period. In
each box, the central red mark denotes a median from seven
climate model simulations, the edges of the box are the 25th
and 75th percentiles, the whiskers extend to the most extreme
data points not considered as outliers, and outliers are plo�ed
individually in the form of red crosses; the x-axis presents the
list of ten Polish catchments.
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The estimated median SPEI-12 values in the reference period for all catchments and climate
models have negative values, indicating dryer conditions than in the past periods. The results both
for the near-future (clim1: 2021–2050) and the far-future (clim2: 2071–2100) are characterized by a
noticeable decrease of wetness conditions in all catchments in comparison with the SPI-12 results.
That results from an influence of the air temperature rise on water losses due to the
evapotranspiration, neglected by the SPI index. The differences are particularly noticeable for the
far-future climate conditions, where the SPI-12 indicates wet conditions whilst the SPEI-12 indicates
dry conditions.

The estimates of SRI-12 indicate that median conditions over 30 years depend on the climate
model, catchment and period. In the reference period, the negative values of SRI-12 were achieved
for most of models and catchments with a few exceptions (four models for Łasica and Oleśnica,
three models for Guber and Flinta catchments). In the near future, the number of simulations with a
positive value of the median SRI-12 conditions is significantly higher than the reference period, but
there are inconsistencies between simulations of climate models. The highest increases of the SRI-12
are projected for the Flinta, Myśla and Guber catchments.

The outcomes for the far-future (2071–2100) indicate that the median estimated SRI-12 values are
higher than zero (indicating we�er condition) with some exceptions. A comparison of the similarity
of results between catchments shows that for Dunajec, Wisła, Nysa Kłodzka catchments, all models
project positive values of the median SRI-12. In the other cases, there are differences between the
climate models.

4.4.2. Frequency of Drought Recurrence

The frequency of the recurrence of drought is defined as the number of months in a specific time
(reference, near future or far future) with a specified drought category (mild, moderate, severe or
extreme) divided by the total number of months. After a transformation of this empirical frequency
into normal distribution, the theoretical probability of occurence of each class is easy to estimate. It
is equal to 9.2% for moderate drought, 4.4% for severe dryness and 2.3% for extreme dryness. Due
to nonstationarity of climatic conditions, the estimates of these probabilities in the three periods are
different than for the entire period.

Table 8 shows estimated median values of a probability of occurrence of five classes of dryness
during the 349 months (i.e., 30 years) baseline (reference) period and during the 349-months of the
near-future and far-future time windows. The results present a median values over ten studied
catchments whilst Figure 7 shows estimates of probability of occurrence of drought of three
categories (moderate, severe and extreme) in each catchment. The probability of recurrence of three
drought classes estimated according to SPI-12 values, shown in Figure 7a–c, is decreasing with
time. The estimates for moderate drought (median over ten catchments) are changing from 11.6% in
the reference period to 8.3% in the near future and 6.6% in the far future. The number of cases with
severe drought condition is also decreasing (6.6% ref, 3.7% clim1 and 2.9% clim2). Changes of
probability of recurrence of the extreme drought are less visible (3.0% in ref, 2.3% in clim1 and 2.2%
in clim2). Those pa�erns are visible for all catchments, but intensities of changes vary between
catchments. The largest changes (decreases) of moderate drought occurrence are estimated for
Łasica and Guber catchments whilst the lowest for Nysa Kłodzka, Myśla and Flinta.

Figure 7. A comparison of the probability of drought ocurrence
calculated using SPI-12 (a–c), SPEI-12 (d–f) and SRI-12 (g–i), in
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ten Polish catchments, in three periods: ref (1971–2000)—a,c,g;
clim1 (2021–2050)—b,e,h; and clim2 (2071–2100)—c,f,i.

Table 8. A comparison of the median probability of recurrence
of five types of dryness conditions estimated using the SPI-12,
SPEI-12 and SRI-12 in the reference (Ref) and two future
periods (clim1 and clim2).

The analyses of probability of drought occurence carried out with help of the SPEI-12 are shown
in the Table 8 and in Figure 7d–f. In that case, the number of events classified as moderate drought
is changing from 7.9% in reference period through 10.9% in the near future to 11.1% in the far
future. also an increase of number of severe and extreme drought events is projected. Differences
between estimates for ten catchments are noticeable. The estimates of moderate drought for
Dunajec catchment in both future periods and Wisła in near future project decreases while in all
other cases, increases of probability are projected. The highest increases are simulated for Narewka
catchment.

The outcomes of the analyses using SRI-12 show a decrease of drought probability from the
reference period to the future and increasing number of events with wet conditions. In average the
results are similar to those for SPI-12 but with smaller decreases of number of drought events.
However, spatially (catchment to catchment), there are differences in the magnitude and also
tendency of changes. Increases of number of moderate drought events were estimated for Biała
Tarnowska and Łasica catchments.

4.4.3. Drought Severity

Drought severity was estimated as the sum of negative values of the drought index (SPI-12, SPEI-
12 or SRI-12) in the specified time (1971–2000, 2021–2050 or 2071–2100) for each catchment and all
climate models. The results of the assessment in the form of changes in the drought severity
between two future periods and a reference period are presented in Figure 8. A similar tendency of
changes (decreases) was achieved between drought indices SPI-12 and SRI-12 for most of the
catchments. The median change from an ensemble of climate models for future periods and all
catchments, models and drought indicators has negative value indicating decreases of drought
severity with time. There is a significant spread of the results between climate models shown by
whiskers in the Figure 8. Some climate models project increases of three drought indices for
lowland catchments (Flinta, Łasica). However, SPEI-12 shows an increase of drought severity in the
near-future and far-future periods for all catchments. Both SPEI-12 and SRI-12 take into account the
potential evapotranspiration, but in the case of SRI-12 losses are limited by physical laws, whilst for
the SPEI-12 the losses are directly related to the air temperature increase.

Figure 8. A comparison of the relative changes in the drought
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severity (%) between two future periods and a reference period.
In each box, the central red mark denotes a median from seven
climate model simulations, the edges of the box are the 25th
and 75th percentiles, the whiskers extend to the most extreme
data points not considered as outliers, and outliers are plo�ed
individually in the form of red crosses.

A comparison of the results using three indices shows that the highest spread is estimated for the
SPEI-12. The influence of changes in air temperature on the drought indices is analysed by
comparison of the SPI-12, SPEI-12 and SRI-12 results. The changes in the drought severity,
estimated using SPI-12, are greater than those for SRI-12 due to projected increases of air
temperature and related evapotranspiration. The outcomes for SPEI-12 are characterized by
different tendency of changes comparing to the SPI-12 and SRI-12. These results are explained by
the method of SPEI-12 calculation that is based on the differences between aggregated precipitation
and potential evapotranspiration. As potential evapotranspiration from definition does not take
into account water availability, the projected changes also the estimated changes of SPEI-12 are not
under control of water supply that limits changes of actual evapotranspiration. A comparison of
changes simulated with help of SPEI-12 and SRI-12 shows the limited water supply reduces
increases of evapotranspiration; therefore, decreases of drought severity are projected when SRI-12
is analysed.

5. Discussion and Conclusions

The drought occurrence is influenced by changes in air temperature and precipitation. Those
issues motivate further research on understanding and quantifying drought characteristics and the
consequences for surface water, river flow, agricultural production, the hydrologic cycle, and
ecosystems for the future. The study has provided a discussion on changes in three hydro-
meteorological drought indices, SPI-12, SPEI-12 and SRI-12, due to climate change in ten
catchments in Poland, in the 21st century. The catchments have different hydro-climate conditions
and soil water holding capacity.

The SPI-12 is based on precipitation, the SPEI-12 and SRI-12 follow an approach similar to that of
the SPI but the first takes into account losses due to the potential evapotranspiration and the second
is based on river discharge. The SRI-12 has the largest potential for identifying hydrological
drought in the catchment. However, its projections in future climate conditions are based on
hydrological model simulations, which increases the uncertainty of its estimates. In this study we
applied the HBV hydrological model to derive future flow projections.

The discussion was conducted in two stages. At first, the differences and similarities between the
three drought indices, namely SPI-12, SPEI-12 and SRI-12, (indices with twelve month accumulation
period) were assessed using observations of temperature, precipitation and flow from the reference
period 1971–2000. At this stage the consistency of the drought indices studied was also tested. A
comparison of the temporal pa�erns of the indices was performed using as an example two
geomorphologically different catchments, Biała Tarnowska and Narewka. The indices show
consistency in drought assessment but only SRI-12 was able to reproduce the transformation of
meteorological drought into hydrological drought. SPI-12 and SPEI-12 give very similar
assessments of catchment dryness and/or wetness in both catchments, whilst the SRI-12 results
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depend on the catchment. In Narewka (a lowland catchment) the SRI-12 shows a more pronounced
drought than the two other indices, whilst for Biała Tarnowska (a mountainous catchment) the
simulations of all three indices are similar. Narewka has a larger water storage capacity than Biała
Tarnowska, which results in differences in the SRI-12 estimates. The spatial characteristics of the
indices for the ten catchments were studied using the Pearson correlation coefficient (Table 4, Table
5 and Table 6). The highest correlation coefficient was obtained for the neighbouring catchments for
all the indices. However SRI-12 showed a higher correlation than the other indices for the lowland
catchments, probably due to their larger water storage capacity and the ability for snow
accumulation to be taken into account. The sensitivity of the indices to changes in precipitation and
flow was also tested. Following their definitions, SPI-12 is most strongly correlated with
precipitation and SRI-12 with flow. However, there is also a statistically significant correlation of
SPI-12 with flow and SRI-12 with precipitation, but its strength depends on the catchment. SPEI-12
depends strongly on precipitation and to lesser degree on flow, with large differences between
catchments. Both SPI-12 and SPEI-12 show be�er correlation with flow for the mountainous rather
than lowland catchments.

In the second stage, projections into the 21st century for two time periods, the near-future (2021–
2050), and the far-future (2071–2100) were assessed. Climatic variables (daily sums of precipitation
and mean daily air temperatures) were obtained from the EURO-CORDEX project from seven
different climate models: CNRM-CM5-CCLM4-8-17, EC-EARTH-CCLM4-8-17, EC-EARTH-
HIRHAM5,EC-EARTH-RACMO22E,EC-EARTH-RCA4,MPI-ESM-LR-CCLM4-8-17 and MPI-ESM-
LR RCA4CNRM-CERFACS-CNRM-CM5-CCLM4-8-17, EC-EARTH-CCLM4-8-17, EC-EARTH-
HIRHAM5, EC-EARTH-RACMO22E, EC-EARTH-RCA4, MPI-ESM-LR-CCLM4-8-17 and MPI-ESM-
LR-RCA4, with a resolution of 12.5 km. A bias correction of EURO-CORDEX simulations was
performed using the quantile mapping (QM) approach.

The consistency of the bias-corrected seven climate model projections, the estimated catchment
discharge using the HBV model and the observed precipitation and flow values, was tested for the
reference period. The results indicate that there are some differences between mean values of
climate model simulations and observations. The results of simulations of mean annual flow
indicate that the median value is underestimated for almost all climate models. Also the variability
of sum/mean annual hydro-climatic variables in the period 1971–2000 shows differences between
climate models.

The changes of projected temperature and precipitation into the near- and far-future were
analysed. There is a visible increase in the temperatures in the two future time periods and
evidence of an increase of precipitation in both future periods against the reference period. In
particular, the results indicate increases of air temperature (from 1.3 to almost 3 °C) for the far-
future. The difference in mean annual air temperature between near future and reference periods is
smaller and ranges from 0.5 to slightly above 1.5 °C. The results indicate that there are differences
in the magnitude of changes between catchments, climate models and two future periods. The
largest changes estimated using the median from the ensemble of climate models are projected for
Myśla, Narewka and Guber catchments located in northern Poland.

The relative differences in the mean annual sum of precipitation between the near-future and
reference periods vary from 0 to 17% whilst for the far-future, the differences range from 2% to
slightly above 20%. There is a significant variability of the projected changes between climate
models and catchments. A comparison of projected relative changes between catchments for the far-
future with reference to 1971–2000 periods indicates higher changes in lowland catchments and
smaller changes in those located in a mountainous area.
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A comparison of the changes of the SPI-12, SPEI-12 and SRI-12 projections into the near-future
(2021–2050) and the far-future (2071–2100) relative to the reference period (1971–2000), was carried
out using the statistical assessment of changes in median condition, probability of drought
recurrence and drought severity.

The changes of median values of the SPI-12 in the near-future and far-future periods in
comparison with the reference period show positive values, indicating we�er conditions in all
catchments. In contrast, the SPEI-12 changes are negative, indicating drier future conditions in the
catchments. The SRI-12 projections follow the SPI-12 pa�erns, indicating we�er catchment
conditions.

The probabilities of drought for three periods: the reference, near-future and far-future for ten
catchments were evaluated for four classes of dryness. The results for two future periods were
compared with the reference period (1971–2000). SPI-12 and SRI-12 show a decrease of probability
of drought ocurrence from the reference period to the future, but these estimates differ between the
catchments. The opposite findings were achieved for the SPEI-12 where the probability of drought
ocurrence is increasing with time in nearly all catchments.

Changes in drought severity are similar to the previous measures. The SPI-12 and SRI-12 show a
decrease in drought severity in all catchments in the near- and far-future periods. However, SPEI-12
shows an increase of drought severity in both future periods for all catchments studied.

In summary, our results show that taking only precipitation into account (SPI-12), the we�er
conditions are projected to prevail in the future in the catchments. However, when potential
evapotranspiration is taken into account (SPEI-12), the situation is reversed and drier conditions are
projected. The SRI-12 seems to follow the SPI-12 pa�erns, but it has a potential to take into account
the catchment response to climatic forcing. Its projections are bounded by physical conditions in the
catchment, i.e. water availability, whereas losses projected by SPEI-12 have no physical limits as
potential evapotranspiration is taken into account instead of actual evapotranspiration.

The analysis presented included the variability of future climate projections in the form of an
ensemble of seven GCM/RCMs but did not take into account the uncertainty related to future
climate scenarios, climate model simplifications, and hydrological model uncertainty. Work on
these issues is the subject of our future research.
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