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Abstract
The aridity index, also known as the Budyko index, describes spatiotemporal changes in the hydroclimatic system in
the long-term perspective. Defined as the ratio between potential evapotranspiration and precipitation, it can be used to
determine wet (humid) and dry (arid) regions. In this study, we evaluated the aridity index estimated in different temporal
scales, investigated its spatial patterns, and highlighted the long-term changes in Europe using three gridded data sets (CRU,
E–OBS, and ERA5). A significant dry region expansion is evident in all data sets since the late 1980s. The extent of the dry
regions has increased in Western, Central, and Eastern Europe, especially at low and medium altitudes. The results show the
long-term development of the European hydroclimatic system and which areas have changed from wet to dry.
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1 Introduction

Drought affects millions of people worldwide each year
(Dai 2011). In particular, it has become increasingly
widespread in Europe in the recent decades (Markonis
et al. 2021; Moravec et al. 2021) and has been causing
more and more problems in various socio-economic sectors
like agriculture, water resources, and industry (Naumann
et al. 2021). Droughts are expected to be more frequent,
severe, and prolonged in the future (Ault 2020; Rakovec
et al. 2022). Severe droughts significantly impact on the
hydroclimatic system (Wilhite 2000; Keyantash and Dracup
2004; Van Loon 2015), so it is crucial to investigate
droughts based on the long-term behavior of the hydro-
climatic system and seek solutions and mitigation strategies.

The aridity index describes the long-term functioning
of the atmosphere, more specifically, the process of
receiving and releasing water from the underlying surface
hydrological system. We study the potential flow of water
to the atmosphere, assuming that we have an unlimited
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water supply (Budyko 1974; Wang and Alimohammadi
2012; Blöschl et al. 2013; Creed et al. 2014). In an arid/dry
environment (d), evapotranspiration prevails over pre-
cipitation, and vice versa in a humid/wet environment (w).

The aridity index is one of the primary inputs of the
Budyko modeling framework (Budyko 1974; Arora 2002;
Gerrits et al. 2009; Blöschl et al. 2013; Zhou et al. 2015;
Carmona et al. 2016). Budyko (1974) defined the aridity
index as the ratio of potential evapotranspiration (defined in
Section 2.1) to precipitation (PET /P ).

Many authors applied the aridity index to characterize
long-term runoff or actual evapotranspiration (Arora 2002;
Zheng et al. 2009; Wang and Alimohammadi 2012; Blöschl
et al. 2013; Creed et al. 2014). Among them, Arora
(2002) used the aridity index to obtain an analytic formula
to estimate the change in runoff under annual changes
in precipitation and available energy. Long-term actual
evapotranspiration can be calculated based on the aridity
index according to the Budyko hypothesis, which describes
actual evapotranspiration as a function of the aridity index
(Zheng et al. 2009). According to the United Nations
Environment Programme (Barrow 1992) and other authors
(Lioubimtseva et al. 2005; Diaz-Padilla et al. 2011; Spinoni
et al. 2015; Huang et al. 2016; Zhao et al. 2019; Myronidis
and Nikolaos 2021), the aridity index can also be defined as
the ratio P /PET . In this study, the aridity index is defined
as PET /P (Arora 2002; Gerrits et al. 2009; Nyman et al.
2014; Zhou et al. 2015; Carmona et al. 2016; Liu et al.
2019).
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Studies reporting aridity change on a global scale
observed an increase in aridity index (AI) in Europe (Gao
and Giorgi 2008; Spinoni et al. 2015; Huang et al. 2016).
However, these analyses are performed at a very coarse
scale, prohibiting the detection of any regional signal.
Regional-scale studies show similar results, but most of
them focus on small areas in southern or southeastern
Europe (Paltineanu et al. 2007; Gao and Giorgi 2008;
Salvati et al. 2013; Pravalie and Bandoc 2015; Spinoni et al.
2015; Huang et al. 2016; Cheval et al. 2017; Myronidis
and Nikolaos 2021). There is general agreement on the
development of dry areas among authors who study AI-
based climate change. However, no study has dealt with
the long-term development of AI in Central, Eastern and
Western Europe. Other studies focus on different areas
or global scales and do not provide regional details. We
did not find any study dealing with Central (defined here
as 45–55◦ latitude and 6–24◦ longitude), Eastern (east of
24◦ longitude), or Western Europe (west of 6◦ longitude)
specifically.

2 Data andmethods

2.1 Potential evapotranspiration

Potential evapotranspiration is defined as the amount of
water transpired by a short crop layer of uniform height
continuously shading the soil and having sufficient water
in the soil (Peng et al. 2017). In contrast, reference
evapotranspiration is crop-specific and used at the local
scale, especially by agronomists (Allan et al. 1998; Oudin
et al. 2005; Seiller and Anctil 2016; Peng et al. 2017; Kohli
et al. 2020; Xiang et al. 2020). Potential evapotranspiration
can be converted into reference evapotranspiration when
multiplying it by the appropriate crop coefficient, which
provides an estimate of crop water use. If land use
data are unavailable (or not considered), this coefficient
cannot be estimated (Seiller and Anctil 2016). Since
we do not have land-use data available and focus on
spatiotemporal changes in the hydroclimatic system in
the long-term perspective, potential evapotranspiration is
used to calculate the aridity index. The difference between
the potential evapotranspiration and the reference crop
evapotranspiration is discussed in detail by (Xiang et al.
2020).

In many studies, potential evapotranspiration and refer-
ence evapotranspiration are confused, and in such studies,
they are also compared to each other (Winter et al. 1995;
Xu and Singh 2000; Tabari 2010; Tegos et al. 2015; Poyen
et al. 2016; Seiller and Anctil 2016). The problem was
pointed out by Xiang et al. (2020). Xu and Singh (2000)
and Xiang et al. (2020) divided the methods for calculating

potential and reference evapotranspiration into four groups:
mass transfer type, temperature-based type, radiation type,
and combination type.

In general, the most often used equations are of the
temperature-based type. The most widely used method of
this type is the Thornthwaite equation, as it is simple and
requires only temperature for calculation (Pereira and Pruitt
2004; Bautista et al. 2009; Chang et al. 2019), but has
been found to underestimate reference evapotranspiration
(Pereira and Pruitt 2004; Sentelhas et al. 2010; Lakatos et al.
2020; Xiang et al. 2020).

The radiation type equations can be viewed as simplified
forms of the Penman equation (Gardelin and Lindstrom
1997; Xiang et al. 2020). Among the widely used radiation-
based methods is the Turc equation, which shows good
results in different studies, but its calculation requires a large
number of variables (Xu et al. 2013; Xiang et al. 2020) that
are often unavailable.

The combined type includes energy balance and aerody-
namic aspects, with the velocity term and vapor pressure
being its two basic terms. Penman and Monteith are the
basic equations for the combined type, which were then
linked (Penman-Monteith formula) and recommended by
FAO as a standardized method (Xiang et al. 2020). However,
it leads to better estimates only if the input variables are well
measured or estimated (they are sensitive to the imprecision
of the data (Weiland et al. 2012; Seiller and Anctil 2016)).
Another problem is that the Penman-Monteith formula is
an equation for calculating reference crop evapotranspira-
tion and should not be used for potential evapotranspiration
(Xiang et al. 2020). Also, Weiland et al. (2012) found bet-
ter model performance using the simplest formulas versus
the combination ones, thereby reducing the number of data-
intensive input variables. For these reasons, we decided to
use the Oudin formula to calculate potential evapotranspira-
tion, which is defined as:

PET = 0.408Re(TG + 5)

100
, if T G + 5 > 0

PET = 0 otherwise (1)

where PET [mm · day−1] is potential evapotranspiration,
Re [MJ · m−2 · day−1] is the solar radiation (this is top-
of-atmosphere radiation, calculated only based on the time
of year and geographical location—the influence of the
atmosphere is not considered), and T G [◦C] is mean daily
air temperature (Oudin et al. 2005).

We chose the calculation of potential evapotranspiration
according to the Oudin formula (which also belongs to
the radiation type equations) because it provides the most
adequate PET input to rainfall-runoff models. Oudin et al.
(2005) tried to identify the most relevant approach to
calculating PET and concluded that formulas based only
on temperature and radiation provide the best results. Lang
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et al. (2017) also pointed to better results of such methods
and Tegos et al. (2015) reported that the Oudin formula
shows relatively good results in Europe. Another advantage
is data simplicity, as the coverage of meteorological stations
is not always sufficient, so it is not possible to use
formulas with large data requirements. In addition unlike
the extended Thornthwaite formula, the Oudin formula
is applicable for average daily temperatures already from
−5◦C (Oudin et al. 2005).

2.2 Aridity index

In line with the original Budyko’s concept, we use the
following definition of the aridity index:

AIT = PETT

PT

, (2)

where AIT [−] is the dimensionless aridity index, PETT

[mm] is potential evapotranspiration, and PT [mm] is
precipitation aggregated over interval T (Gerrits et al. 2009;
Wang and Alimohammadi 2012; Creed et al. 2014; Zhou
et al. 2015; Carmona et al. 2016).

2.3 Transitions, states, patterns

We study transitions between wet (w) and dry (d) hydrocli-
matic systems. Transitions for different aggregations (T =
1, 10, 20, 30 years) are defined based on the magnitude of
the AIT (t − 1) value in the previous period t − 1 and the
AIT (t) value in the current period t .

If the value of AI in the previous period is less than one
and in the current period greater than one (transition wd),
a wet grid cell shifts into the dry state in the successive
periods. If the value of AI in the previous period is greater
than one and in the current period less than one (transition
dw), the dry state changes into the wet state. If the AI value
in the previous and current period is less than one (pattern
ww), a wet state is attributed to both periods for a given grid
cell. If the value of AI in the previous and current periods
is greater than one (pattern dd), a dry state is attributed to
the given grid cell in both periods. When determining the
relative frequencies of transitions, states, and patterns for a
larger area, we weighted them by the area of the grid cells
at a specific latitude.

2.4 Gridded data sets used for the analyses

This section presents the three gridded data sets applied
in this work: Climatic Research Unit (CRU) TS version
4.04, E–OBS version 22.0e, and the European Centre
for Medium-range Weather Forecasts (ECMWF) ERA5
reanalysis. The whole study deals with hydrological years
starting on November 1 and ending on October 31; this

definition is set so that there is no significant year-to-year
transfer of precipitation in the snow cover.

E–OBS has a resolution of 0.25◦ × 0.25◦ and is available
for 1920–2020. The daily precipitation and average daily
temperature values come from the E–OBS 22.0e data set
released in May 2020 (Cornes et al. 2018). The annual
precipitation totals were calculated based on monthly
values, and potential evapotranspiration was based on daily
temperature values according to the Oudin formula (Oudin
et al. 2005; Sarbu and Sebarchievici 2017; Wald 2018).
Studies analyzing E–OBS (Hofstra et al. 2009; Herrera
et al. 2012; Skok et al. 2016; Navarro et al. 2019) have
reservations about the density of the station network or their
inhomogeneous coverage. The highest density of stations is
in Northern Europe, England, Central Europe, and northern
Italy, while the network of stations is sparsest in Southern
and Eastern Europe (Cornes et al. 2018; Navarro et al.
2019). The accuracy of E–OBS strongly depends on the
density of the station network, and sparsely covered areas
have less accurate data. E–OBS was evaluated as better than
ERA5 in regions with dense data, while in areas with sparse
data both data sets are at the same level (Bandhauer et al.
2022).

CRU is a data set with a resolution of 0.5◦ × 0.5◦,
produced at the University of East Anglia and available for
1901–2019. It is a monthly gridded observational data set,
spatially interpolated. The interpolation is based on angular-
distance weighting. Available PET in this data set is
estimated using the Penman-Monteith formula (Harris et al.
2020), which includes the mean, maximum and minimum
temperature, vapor pressure, cloud cover, and wind speed
(Harris et al. 2014). The Penman-Monteith formula is in
fact a reference crop evapotranspiration (mass transfer type;
(Xiang et al. 2020)), so it was not used in our study; the
Oudin formula was used instead to calculate the potential
evapotranspiration.

ERA5 is the fifth generation of ECMWF reanalysis for
the global climate and weather. The ERA5 is a grid data
set with a resolution of 0.25◦ × 0.25◦, available for 1950–
2020. The data is obtained from the Climate Data Store
entries (Hersbach et al. 2018; Bell et al. 2020) and applies
the Hargreaves-Samani formula for potential evapotranspi-
ration (Hargreaves and Samani 1985). The formula uses the
average, maximum, and minimum temperature, evaporation
equivalent, and empirical coefficient for the calculation
(Rolle et al. 2021). The Hargreaves-Samani formula is also
a reference crop evapotranspiration (temperature-based
type; Xiang et al. (2020)), and its implementation in ERA5
contains a code error (transpiration is zero in areas without
vegetation—coastal and dry regions). The Oudin formula
was used in this study also for ERA5.

The primary parameters determined by the different grid
models were used to calculate Oudin-type PET and then
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compared to the PET calculated by ERA5 and CRU teams
(Fig. 1). There is a significant underestimation of available
PET in coastal areas in ERA5 and a slight underestimation
in the UK and the Po Valley in CRU. On the contrary,
the overestimation in ERA5 and CRU is evident mainly in
Southern Europe (south of 45◦ latitude), especially in the
Iberian Peninsula.

The spatial resolution of 0.5◦ × 0.5◦ of all data sets
was used for computation and analysis (the raster package
(Hijmans 2021) in R environment was used for aggregation
in E–OBS and ERA5). Most of Europe (13◦ W – 30◦ E
longitude, 30◦–70◦ N latitude) is studied here. Furthermore,
the stats package in R environment (Wickham 2016; R
Core Team 2021) is used to create empirical quantile-based
distribution functions and construct the probability density.

3 Results

3.1 Basic properties

The increase in the mean AI over the whole period is shown
in Fig. 2. For two out of the three data sets, the mean value
decreased from 1960 to 1969 and considerably increased
thereafter. ERA5 increasing trend lags behind the other two
starting only at the end of the 1970s.

The mean and standard deviation of AI in Europe for
10-year aggregations for each transition and pattern are
shown in Table 1. A decrease in the mean of AI values was
found in the dd pattern during 1960–1979 and a subsequent
sharp increase in the 1980–1989 period in all three data
sets (Table 1). A decrease and subsequent gradual increase

Fig. 1 Differences between mean annual values of A) PET calculated
by ERA5 team (Hargreaves-Samani formula) and PET according to the
Oudin formula (� PET ERA5, left), B) PET calculated by CRU team

(Penman-Monteith formula) and PET according to the Oudin formula
(� PET CRU, right), for 1950–2019
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Fig. 2 20-year moving averages
of annual mean, the lower
quartile (Q1) and upper quartile
(Q3) of AI values (solid lines)
for all data sets for 1950–2019.
Points show values in individual
years; the lower and upper
quartiles are estimated from the
distribution across all grid boxes
in the analysed area (Europe)

were also partly found in the dw and wd transitions in all
data sets. Standard deviation increased during the 1990–
1999 period for the pattern dd in E–OBS and ERA5, and
the highest value for CRU was found in the 1980–1989
period. For the ww pattern, the changes in mean values
are negligible, and only in ERA5 there is a slight decrease
during the 1960–1989 period.

Empirical quantile-based distribution functions for all
three data sets are compared in Fig. 3A. There is
a considerable underestimation of AI values in ERA5
compared to the other two data sets. Figure 3B shows the
different shapes of the probability density functions for each
data set. If the AI is around 1, there is a transition from wet
to dry and vice versa. The density is plotted on the y-axis.

3.2 Transitions between wet and dry regions

The average AI values (Fig. 4) classified similar proportions
of wet and dry regions for the whole period investigated here
in CRU and E–OBS, while ERA5 shows wet environments
over most of the study area instead. In the CRU and E–

OBS data wet regions occur all over Northern Europe
(north of 55◦ latitude) and the UK, while dry regions in
Southern Europe, the Pannonian Basin, Moldova, Ukraine,
Poland, Czechia, the northeastern part of Germany, and the
French Lowlands. In contrast, ERA5 shows wet conditions
in the North-German Lowland, the Wielkopolska Lowland,
Belarus and northern Ukraine. These additional wet
conditions in ERA5 could be caused by the overestimation
of precipitation (see Section 4).

Western, Central, and Eastern Europe form a transition
strip (white color). The term “transition strip” is defined
here as the central latitude strip of Europe (between 45◦–
55◦ latitude, and 5◦–30◦ longitude). The most significant
changes in the development of dry areas take place within
this region.

We identified regions with the largest differences
between consecutive mean AI values for 20-year periods
(Fig. 5). During 1980–1999, there was a substantial increase
in AI in Southern Europe, while in 2000–2019, drying took
place mainly in the transition strip. Although the data sets
share an overall similar signal for dry region development,
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Table 1 Mean and standard deviation of mean values of AI for each transition (dd, ww) and pattern (dw, wd) in individual grid boxes for 10-year
periods

10-year Period Mean dd sd dd Mean dw sd dw Mean wd sd wd Mean ww sd ww

CRU 1950–1959 1.42 0.36 1.03 0.14 0.98 0.14 0.61 0.22

1960–1969 1.36 0.33 0.94 0.13 0.95 0.12 0.60 0.23
1970–1979 1.35 0.32 0.96 0.12 0.97 0.13 0.61 0.23
1980–1989 1.48 0.43 1.01 0.11 0.98 0.15 0.61 0.23
1990–1999 1.42 0.41 0.97 0.14 0.98 0.14 0.61 0.24
2000–2009 1.44 0.40 0.98 0.13 0.97 0.12 0.61 0.23
2010–2019 1.43 0.40 1.01 0.14 1.01 0.15 0.61 0.24

E-OBS 1950–1959 1.59 0.52 1.00 0.16 1.00 0.15 0.63 0.21
1960–1969 1.48 0.49 0.95 0.15 0.96 0.13 0.61 0.22
1970–1979 1.49 0.45 0.95 0.14 0.97 0.15 0.62 0.22
1980–1989 1.64 0.57 1.01 0.12 0.99 0.16 0.61 0.22
1990–1999 1.60 0.60 0.98 0.16 0.99 0.16 0.61 0.22
2000–2009 1.60 0.58 0.98 0.17 0.97 0.16 0.61 0.22
2010–2019 1.54 0.54 1.01 0.16 1.01 0.16 0.62 0.23

ERA5 1950–1959 1.51 0.46 0.98 0.17 0.98 0.16 0.60 0.22
1960–1969 1.40 0.44 0.91 0.16 0.94 0.14 0.57 0.20
1970–1979 1.37 0.33 0.95 0.17 0.97 0.17 0.57 0.20
1980–1989 1.54 0.44 0.99 0.13 0.95 0.18 0.56 0.20
1990–1999 1.51 0.47 0.96 0.16 0.98 0.16 0.58 0.21
2000–2009 1.55 0.44 1.00 0.17 0.99 0.16 0.59 0.21
2010–2019 1.49 0.47 0.97 0.15 0.97 0.15 0.58 0.21

Fig. 3 A Quantile-quantile plots of annual AI values for 1950–2019: (a) CRU and E–OBS, (b) E–OBS and ERA5, (c) CRU and ERA5.
B Probability density of annual AI values for 1950–2019. The x-axis shows the AI values and the y-axis the density
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Fig. 4 Average AI values for the
whole period (1950–2019) for
each grid cell

the location of the hotspots differs; CRU in Western Europe,
E–OBS in Central and Western Europe, and ERA5 in
Eastern Europe (Figs. 5 and 7).

The 10-year moving average of annual AI values were
compared with those of the previous 10-year periods. States
(d, w), transitions (wd , dw), and patterns (ww, dd) were
assigned to these AI values (Fig. 6). According to the three
data sets’ median, the probability of occurrence of dry
regions has increased by approximately 7% over the last 50
years (Fig. 6). The most intense increase has been observed
since the late 1980s (approximately 8%). The above is also
reflected in the behavior of the dd and ww patterns. Over
the last 50 years, there has been an increase in the dd

pattern by approximately 3% and a decrease in ww by
approximately 1%. The ww pattern was most frequent in
the mid-1980s, followed by a considerable decrease, i.e., an
increase in dry regions. The dw transitions decreased from
1970s until mid-1980s, then increased considerably from
the mid to late 1980s. The incidence of the wd transition
increased considerably from the mid-1980s to the beginning
of the twenty-first century and then grew slightly. The dw

transition has a declining trend throughout the whole period,
and the wd transition has an increasing trend. The three data
sets found similar trends in transitions, patterns, and states
throughout the period. The median trend (black) almost
overlaps with CRU.

After plotting the transitions and patterns (wd, dw, ww,
dd) for 20-year periods, we found only negligible changes
towards drying in Northern Europe and the southeast UK
(Fig. 7).

In Southern Europe, there is a gradual expansion of the
dry region. In all data sets, the east coast of the Adriatic
Sea is included within a wet region, although it is a dry

area in fact due to unique geomorphologic features of the
Dinaric Mountains with subterranean rivers and streams.
The relatively high precipitation amounts may be related to
windward effects on the slopes of the Dinaric Mountains
when Mediterranean cyclones influence the region.

A large area of Eastern Europe belongs to the dry area
in the CRU and E–OBS, while in ERA5 a significant part
of Eastern Europe belongs to the wet area. The spread of
drought in Eastern Europe has taken place over the last
two decades in CRU and E–OBS, especially in western
Ukraine.

Western Europe has been drying up mainly in the
French Lowlands; Eastern Europe mainly in northern
Ukraine and southern Belarus; and Central Europe from the
east, especially in the Pannonian Basin, the Wielkopolska
Lowlands, eastern part of the North-German Lowlands, and
Czechia (according to CRU and E–OBS).

Southern Europe, the Pannonian Basin, Moldova,
Ukraine, Poland, Czechia, the northeastern part of Germany,
and the French Lowlands are evaluated as dry areas of
Europe according to CRU and E–OBS data sets.

No development of dry regions has taken place at high
altitudes. The high mountains remain entirely in the wet
region (Figs. 4 and 7), even though drying occurs in these
parts of Europe (Fig. 5).

4 Discussion

Our study supports previous results concerning develop-
ment of aridity in Europe and detects these changes, espe-
cially in the central latitude strip of Europe (between 45◦
and 55◦ latitude).
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Fig. 5 Differences in mean AI values for the three data sets for consecutive 20-year periods from 1960 to 2019

4.1 Comparison of data sets

The study has identified specific differences between the
three data sets related to the different methods for creating
them.

Most studies that evaluated precipitation in E–OBS
report underestimations in the data (Hofstra et al. 2009;
Fibbi et al. 2016; Nechita et al. 2019; Bandhauer et al.
2022). Despite this Nechita et al. (2019) recommend E–
OBS for the needs of the current climate data set. According
to Laiti et al. (2018), E–OBS shows lower performance in

the Alps compared to ADIGE (regional precipitation and
temperature data set (Laiti et al. 2018)) and APGD (the
Alpine Precipitation Grid Data set (Isotta et al. 2015)),
especially in small river catchments.

Our results are consistent with van der Schrier et al.
(2013), who compared CRU and E–OBS and concluded that
CRU generally has higher temperature values than E–OBS,
which is reflected in our study as higher AI values.

Quite few studies compared observational based data
set (E–OBS) and reanalysis data set (ERA5) (Bandhauer
et al. 2022; Hassler and Lauer 2021; Velikou et al. 2022).
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Fig. 6 10-year moving relative frequencies of states (d, w), patterns (dd, ww) and transitions (dw, wd) for 10-year moving periods per unit area
for CRU, E–OBS and ERA5. The black line shows the median of all three data sets

Velikou et al. (2022) found underestimated temperatures in
ERA5 compared to E–OBS mainly in areas with complex
topography, especially in the Alps and the Mediterranean.
Bandhauer et al. (2022) and Hassler and Lauer (2021)
compared precipitation in E–OBS and ERA5 and concluded
that ERA5 overestimated it in Europe (mainly in summer)
due to far too many wet days. This is further supported by
our results which show considerably wetter conditions in
ERA5. We found a substantial difference focused in the area
stretching from Central to Eastern Europe.

Bandhauer et al. (2022) emphasized that the underesti-
mation of precipitation in E–OBS is substantially smaller
than the overestimation in ERA5. Nevertheless they deemed

both E–OBS and ERA5 as useful data sets for Central and
Northern Europe.

Some authors use CRU as a reference (Tapiador and
Sanchez 2008; Sanchez et al. 2009) and highlight its
advantages: higher spatial resolution than other data sets
of similar temporal extent, longer temporal coverage than
other products of similar spatial resolution, encompassing
a more extensive suite of surface climate variables than
available elsewhere, and the construction method ensuring
that strict temporal fidelity is maintained (Zveryaev 2004).
On the contrary, some studies express reservations—
especially about the density of the network of stations or
their inhomogeneous coverage (Samani 2000; Zveryaev and
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Fig. 7 Transitions (dw, wd), and patterns (dd, ww) for 20-year periods from 1960 to 2019 for the three data sets

Gulev 2009; Tegos et al. 2015; Duan et al. 2019). We do
not consider the density of the network of stations to be
a problem since the greatest development of drought has
taken place in the central latitude strip, and the density of
the network is sufficient in this area.

4.2 Temporal development of AI

According to our study, the aridity intensified mainly in
the 1950s and from the mid-1980s onward. Unlike existing
aridity studies, the results presented herein include the
long-term perspective of assessing AI over Europe.

Our results are aligned with those reported by Huang
et al. (2016) and Hanel et al. (2018) who identified extreme
drought throughout Europe in the early 1950s, the ensuing
decline or stagnation, and the renewed considerable increase
in dry areas since the 1980s. Nechita et al. (2019) used
the CRU, E–OBS, and ROCADA (Birsan and Dumitrescu
2014) data sets to study the Southern Carpathians over
1961–2013. They found wetter climate in the mid-1980s and
an increase in extreme temperatures since 1986, manifested
as an increase in wd and dd transitions and a decrease in dw

and ww transitions in our results. Pan et al. (2021) examined
the effect of increasing potential evapotranspiration and
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decreasing precipitation on dry regions on the global
scale over 1901–2017, and found a global increase in dry
areas. Potential evapotranspiration has an increasing trend
and weakens the role of precipitation. According to their
study, the turning point when potential evapotranspiration
exceeded precipitation on a global scale occurred in 1966.

The aridity developed fastest, especially in the period
2000–2019, in the central latitude strip of Europe,
namely in northern Ukraine and southern Belarus area,
Hungary, Wielkopolska Lowlands, Czechia, North-German
Lowlands, and French Lowlands.

Most AI-based drought studies mainly focus on Southern
Europe (Gao and Giorgi 2008; Salvati et al. 2013; Spinoni
et al. 2015; Huang et al. 2016; Cheval et al. 2017; Myronidis
and Nikolaos 2021), in which they report an increase
in AI similarly to our study—dry areas are expanding,
especially in the Balkan Peninsula and Italy, while drought
is deepening in the Iberian Peninsula. Paltineanu et al.
(2007) and Pravalie and Bandoc (2015) noticed drought
development in Romania and similar results are manifested
in our study; most of Romania belongs to the dry area
and only the Carpathian region is included in the wet area.
Moreover, we observe a more pronounced drought in the
Pannonian Basin compared to Romania; a sharp increase
in potential evapotranspiration in the Pannonian Basin,
especially in its western part at low altitudes, was reported
by Lakatos et al. (2020).

Pan et al. (2021) analyzed some areas of Romania as wet
catchments, in contrast to our results. This discrepancy may
be related to different type of averaging (across catchments
vs. grids), a different range of borders between wet and dry
catchments in inversely defined AI or a different version of
CRU.

AI-based drought studies do not directly address other
parts of Europe. We, on the other hand, examined the
whole of Europe. No significant changes towards drying
were found in Northern Europe. In Southern Europe, there
is a gradual variable expansion of the dry region; the
largest increase in AI was found during 1980–1999. The
most significant changes in the development of dry areas
occurred in the transition strip around 50◦ latitude, and the
largest increase in AI was observed there during the period
2000–2019.

Over the past 50 years, the probability of occurrence of
dry areas has increased by approximately 7% for the study
area. The most intensive increase was observed from the end
of the 1980s. The following areas in Europe are classified
as dry: Southern Europe, the Pannonian Basin, Moldova,
Ukraine, Poland, Czechia, the northeastern part of Germany,
and the French Lowlands.

Concerning future scenarios, Gao and Giorgi (2008)
estimated further development and an increase in the
severity of drought to the north in the dry regions, especially
in the central and southern parts of the Iberian, Balkan and
Apennine Peninsulas, and on the main islands (Corsica,
Sardinia, and Sicily), and then in the Pannonian Basin and
Romania. Cheval et al. (2017) reported that the significant
relocations to the dry area would occur in southeastern
Italy, near the Black Sea, in the eastern part of the Balkan
Peninsula, and in the Pannonian Basin. In all of these areas,
we find an increase in AI. Furthermore, we observed a
significant increase in drought especially in Central Europe,
which has not been highlighted as a hot spot in the above-
cited studies.

4.3 Drought linked with atmospheric circulation

Physical mechanisms affecting long-term changes in the
hydro-climatic system and drought development include
atmospheric circulation (e.g. Lhotka et al. (2020)). The
dominant mode of climate variability in Europe, especially
in the cold half-year, is the North Atlantic Oscillation
(NAO). Changes in the intensity of the NAO and the location
of its centers of action were reported by many authors (e.g.
Kucerova et al. (2017)) and influenced temperature and
precipitation trends in Europe over the past decades. They
are also related to the shift of storm tracks to the north
(Sfica et al. 2021) or northwest (Kucerova et al. 2017) which
results in positive atmospheric pressure anomalies over
Central Europe (Tomczyk et al. 2019), decrease of cloud
cover and development of inland drought (Sfica et al. 2021).
Kucerova et al. (2017), Lhotka et al. (2020), and Rehor et al.
(2021) reported an increase in anticyclonic circulation types
in Central and Eastern Europe, which supports the increase
in AI taking place in the central latitude strip. The frequency
changes between cyclonic/anticyclonic circulation types as
well as between types associated with warm/cold advection
and deficit/excess of precipitation are particularly important
for droughts and heatwaves in warm half-year, and Lhotka
et al. (2020) showed that circulation changes contributed to
an increase in drought characteristics over Central Europe
since the 1950s. It remains open and subject to follow-up
investigation on whether similar changes also played a role
in drying trends in other parts of Europe.

Huguenin et al. (2020) linked the record-breaking
heatwaves and water shortages in recent years in Central
Europe to anthropogenic warming and a weaker jet stream,
which allowed the quasi-stationary and high-pressure
system to persist for many days. As heatwaves are coupled
to soil moisture conditions, these changes (including the
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persistence of circulation patterns) will likely influence
drought characteristics.

5 Conclusion

Our study examined dry and wet regions in Europe based
on the aridity index in space and time over 1950–2019. The
main goal was to identify regions where a shift from wet to
dry conditions occurred, the period of increased transitions
to dry regions, and to compare three widely used continental
data sets (CRU, E–OBS, ERA5).

We chose the Oudin formula to calculate potential
evapotranspiration for all data sets, because it is the
most adequate PET input to rainfall-runoff models. The
pronounced change from wet to dry regions since the late
1980s is clearly manifested in all data sets. The main results
can be summarized as follows:

1. Significant development of dry regions has been
observed in Western, Central, and Eastern Europe since
the late 1980s.

2. From the late 1980s to the present, the extent of the dry
regions has increased by approximately 7%.

3. There was a slight decrease in the dry-wet transition and
a slight increase in the wet-dry transition from 1950 to
2019.

4. Throughout the study period, Northern Europe and the
UK were classified as wet regions, while the Iberian
Peninsula and the southern tip of the Balkan Peninsula
as dry regions.

5. The development of dry areas was mainly found
in France, Germany, Poland, Czechia, the Pannonian
Basin, and the region between Belarus and Ukraine.

The results demonstrate the long-term development of
dry regions since the late 1980s, mainly in Western and
Central Europe in all data sets, and in Eastern Europe in
CRU and E–OBS. Compared to CRU and E–OBS, ERA5
has low values of aridity index mainly in Eastern Europe,
due to the overestimation of precipitation, and should be
interpreted with caution.
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Sabater J, Nicolas J, Radu R, Schepers D, Simmons A, Soci C,
Thépaut JN (2020) ERA5 monthly averaged data on single levels
from 1950 to 1978 (preliminary version). Copernicus Climate
Change Service (C3S) Climate Data Store (CDS)

Birsan MV, Dumitrescu A (2014) ROCADA: Romanian daily gridded
climatic dataset (1961-2013) V1.0
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