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Abstract: The sustainability of a territory is closely related to its resources. Due to climate change,
the most precious natural resource, water, has been negatively affected by climatic conditions in
terms of quantity and quality. CLIMAT datasets of 1 km2 spatial resolution were used and processed in the ArcGIS environment to generate maps of actual evapotranspiration, water availability,
and effective precipitation for the periods of 1961–1990 (1990s), 2011–2040 (2020s), and 2041–2070
(2050s). The product is of paramount importance for the analysis of the actual situation in Europe
indicating high water availability in the Alps Range, the Carpathians Mountains, Northern European
countries, and the British Islands. On the other hand, low water availability has been evidenced
in the Southern and Eastern European areas. For the future period (2050s), the monthly potential
evapotranspiration is expected to increase by 30%. The climate models also show an increase in the
actual evapotranspiration between past and future periods by 40%. The changes in water availability
and effective precipitation between the past (1990s) and future (2050s) indicate decreases of 10%.
The most affected areas by climate change are located within the Mediterranean areas, the Iberian
Peninsula, and Eastern Europe.
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Surface water and groundwater are important resources at a global level. In most
cases, the renewal of water resources is dependent upon the climate regime. Precipitation
and temperature-related climate data are the main parameters that influence long-term
water resources [1]. In recent decades, global climate change has led to major differences
in temperature and precipitation records. These differences were found to have a direct
negative influence on water resources and environmental elements at a global level [2,3].
Due to the lack of knowledge of environmental changes, the inadequate management of
natural resources and inefficient strategies, the impact of climate change on water resources
has been greater than was expected, contributing to limited resources and affecting conservation and sustainability [4–6]. In several areas of the globe, the negative impact of
climate change on the glaciers and water systems is now evident. Moreover, the anthropic
factor has frequent negative influence on the status of the environment both at a qualitative
and quantitative level [7]. Industrial activities and agricultural practices contribute to the
increase in the pressure placed on water resources and environmental elements [8–10].
In the European continent, the status of the water resources is determined by water
availability and by the quality of surface water and groundwater. Water availability
depends on the precipitation regime, which is strictly related to the mean air temperature,
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a key parameter for the evapotranspiration of hydrogeological basins together with the
land cover pattern [11,12]. When comparing the historical climate data series, an increase
in the mean annual temperature was observed. In addition, several climate models indicate
that global warming has resulted in higher temperatures in the 21st century [13–15]. One
of the most significant indicators is the rate of glacier melting [16,17]. The melting of ice
and considerable retreating of glaciers observed in recent decades [18,19] influences the
water resources in respective regions [20].
Hydrogeologists and environmental scientists have analyzed the climatic data from the
actual measurements of instruments. They observed that global warming was higher in recent decades as compared to the past [21,22] with a major impact on water resources [23,24].
They deduced that the negative effect of climate change does not only impact runoff and
groundwater recharge but also various components of the ecosystems [25,26]. In addition,
a joint study of industrial activities and agricultural practices indicated that changes in the
pattern of water resources were reflected in watersheds, surface water, land evapotranspiration, and groundwater levels. In the coastal areas, seawater intrusion due to the rise of
the sea level has prompted the degradation of freshwater and a decrease in the quality of
groundwater in the coastal aquifers [4,24].
Considering that it is an overall heterogeneous continent, the status of water resources
in Europe varies from one region to another depending on each region’s climatic conditions
and whether they are located in lowlands or high mountains. Thus, the southern areas of
the continent are subjected to the Mediterranean climate with long, dry periods during
the hydrological year. The eastern areas are influenced by the continental climate with
low precipitation during summertime, while the western and northern parts of Europe are
subjected to humid climates with higher rates of precipitation during the winter season.
In this study, we aimed to analyze the temporal and spatial variation of water availability
across Europe in three main periods, including the 1990s, 2020s, and 2050s. To deliver
the required data grids of climate and water resources for the risk assessment, the terrain
morphology, climate, and water availability datasets were analyzed both at a temporal and
spatial scale, especially for the mid-21st century.
2. Study Area
The European continent is very complex and unique from several points of view. The
extension of a latitudinal weight and the occurrence of a multitude of mountain units and
large oceanic masses are major climate-influencing factors. Keeping these factors in mind,
it should be mentioned that the orography of the European continent is diverse, with the
majority of the land area consisting of plains and hills. The mountain chains include the
Scandinavian Mountains in the North, the Alps Range and Apennine chains in the South,
Pyrenees chain in the West, Carpathians Mountains in the central part, and Ural chain in
the East. In addition, the Scottish Mountains dominate in the British Islands. Orography
and the climate influences control the climate types and the precipitation regime. Thus, the
availability of water is strongly dependent on the rainfall rate and is extremely variable
along the European continent.
From the climate point of view, the northern part of Europe has a Baltic climate, while
the western and central parts of Europe are subject to Atlantic Ocean influence, the southern
part of Europe has a Mediterranean influence, and the eastern part of Europe is under the
influence of a continental climate. Hence, the European continent has several temperate
climates, mostly with four seasons per year. According to the Koppen–Geiger climate
classification, a fully humid warm temperate climate with warm summers (Cfb class) is
typical of the central part of the continent [27]. The western part of Europe is influenced by
the Atlantic Ocean, with a warm temperate climate with a hot and dry summer (Csa) and
a warm temperate climate with a dry and warm summer (Csb), while the eastern part of
Europe has a fully humid cold climate (Dfa and Dfb). The southern part mainly has a fully
humid warm temperate climate with a hot summer (Cfa), while the northern part is in a
fully humid cold temperate climate with a cool summer (Dfc) [27].

Atmosphere 2022, 13, 772

3 of 17

3. Materials and Methods
3.1. Climate Data
The climate data used in this work include mean monthly values of temperature
and precipitation over 1961–2070, derived using the following three datasets: 1961–1990
(1990s) as historical records and two future models for the 2011–2040 (2020s) and 2041–2070
(2050s) periods. These datasets were processed for the European continent by Andreas
Hamann [28] using 1 km2 spatial resolution. The Parameter Regression of Independent
Slopes Model (PRISM) was used to obtain the precipitation models. For the temperature model, the ANUSplin interpolation method was applied and a moderate climate
change projection with emissions of RCP 4.5 was applied. This scenario mimics the global
prediction increase of +1.4 ◦ C (±0.5)29. The outcome of precipitation and temperature
are raster data of ENSEMBLE climate models, representing an average of 15 AOGCMs
as considered by the CMIP5 multi-model dataset. The procedure applied by Andreas
Hamann is in line with IPCC Assessment Report 5 (IPCC, 2013). ClimateEU v4.63 environment was used to perform the climate models. The software is available at the website
http://tinyurl.com/ClimateEU, accessed on 1 February 2022.
During the 1990s, the mean air temperature varied in Europe from −14.5 ◦ C to 19.2 ◦ C
(Figure 1a). For the 2020s, the mean air temperature ranges between −12.7 ◦ C and 20.7 ◦ C
(Figure 1b). In the period 2050s, the temperature models indicate values between −11 ◦ C
and 21.7 ◦ C (Figure 1c). The higher values of temperature (above 15 ◦ C) were depicted in
West and South Europe, mainly in Spain and Italy. The lower values of temperature (<0 ◦ C)
were found in Northern Europe and in high-mountain areas such as the Alps, Pyrenes,
and Carpathians.
During the 1990s, annual precipitation values ranged from 219 mm to 3698 mm
(Figure 1d). For the future periods, the annual precipitation values will range between 162
mm and 3552 mm in the 2020s (Figure 1e) and 142 mm and 3487 mm in the 2050s (Figure 1f).
The higher values of precipitation (above 3000 mm) were found in the South-central part of
Europe, in the Alps and Dinaric Mountains, in the British Islands, and the Scandinavian
Peninsula. The lower values of precipitation (below 400 mm) were identified in East Europe
and the Iberian Peninsula.
heat
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The
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The International Hydrogeological Map
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scale [29,30],
[29,30],
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usedstudy
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the main formations
geological formations
and the
to
was used
in this
to differentiate
the main geological
and to identify
main types of aquifers in Europe. The European continent presents several geological
formations of different ages including jointed and karstified rocks such as limestones,
chalkstones, sandstones, conglomerates, volcanic and plutonic rocks, but also gneisses,
marls, clays, shales, mica schists, quartzites in the mountains and hilly areas. The plains
and lowlands are geologically composed of gravels, sands, silts, and clays. Considering the
nature of the substrates, the following six types of productivity aquifers were defined in the
International Hydrogeological Map of Europe: highly productive fissured aquifers, highly
productive porous aquifers, low and moderately productive fissured aquifers, low and
moderately productive porous aquifers, locally aquiferous rocks-porous or fissured, and
practically non-aquiferous rocks-porous or fissured (Figure 2a). In this work, the geological
and aquifers data are presented as vector data.
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rocks-porous or fissured, and practically non-aquiferous rocks-porous or fissured (Figure
2a). In this work, the geological and aquifers data are presented as vector data.

Figure 2. Framework of geology, terrain data, and potential infiltration map in Europe. (a) Geological
formations map. (b) Digital elevation model. (c) Potential infiltration map (PIM). Note: Potential
infiltration map was calculated as ratio of potential infiltration coefficient and normalization slope
layer (radian degrees).

The lithology of the layers and the morphology of the terrains have a direct influence
on the runoff, water availability (WA), control and infiltration rate into the soil. The
infiltration water derives from WA and is defined as effective precipitation. The effective
precipitation contributes to the recharging of aquifers and the soil water content [31].
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3.3. Terrain Data
The terrain morphology controls the flow direction of surface waters. To estimate
the potential infiltration of water, the Digital Elevation Model (DEM) of Europe, at a
1 km2 spatial resolution was considered. From the DEM, the slope angle map was derived
and used for the potential infiltration map calculation. According to the current DEM,
the altitudes across Europe vary from −195 m to 5473 m asl (including the Caucasus
Mountains) (Figure 2b).
The calculations and raster-data processing were performed in the ArcGIS environment.
3.4. Potential Infiltration Map
Based on the geological nature of the layers, DEM, and slope raster data maps, a potential infiltration map of Europe was created. The calculation considers higher infiltration
values where the potential infiltration coefficient (PIC) is higher and the slope angle is
lower. On the other hand, the infiltration values are lower where the PIC is lower and the
slope angle is higher.
The method was previously applied in groundwater studies [9,32] and is important
in the analysis of water resources and in the evaluation of environmental risks due to its
complex correlation with hydrological processes. Thus, the potential infiltration map contains the permeability of the lithology through PIC and water flow direction through slope
angle. These values have been determined in the laboratory by experts in hydrogeology
and were tested in various studies [33,34] The infiltration process depends on permeability,
the saturation of the soil, and pore-water pressure in the media [35,36]. The potential
infiltration map (PIM) was calculated using the ratio between PIC and slope angle [33]
(normalized values):
PIM = PIC/Slope angle
(1)
The PIC values for the aquifers are specific values chosen by experts in the CC-WARE
European Project and DRINK Adria Project. Supplementary Material (Table S1) reports the
PIC values used in this study.
3.5. Potential Evapotranspiration
We used the Thornthwaite method [34] to calculate the potential evapotranspiration
(ET0). The method requires monthly temperature records. Even though it is a simple
method (Equation (2)), it is still used in hydrology and climatology for various analyses,
especially for the long-term period [2,26]. The other methods used in the ET0 calculation
required more data, e.g., wind speed, solar radiation, humidity, and not all of these parameters are available for Europe from 1961 to 1990. In addition, the predictions of these
parameters for the future will lead to more uncertainties. For this reason, the Thornthwaite
formula was used in this study.


10Ti
ET0 = 16
I

α

[mm/month]

(2)

where:
ET0—potential evapotranspiration;
Ti —monthly air temperature;
I—annual heat index (see Equation (3));
α—complex function of heat index (see Equation (4)).
I=

∑

12
i =1



Ti
5

1.514

α = 6.75 × 10−7 I 3 − 7.71 × 10−5 I 2 + 1.7912 × 10−2 I + 0.49239

(3)
(4)
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3.6. Actual Evapotranspiration (AET0)
In this work, the actual evapotranspiration (AET0) was calculated based on annual
ET0 and annual precipitation using the Budyko equation [37,38] (Equation (5)):
AET0
=
PP


ϕ tan

1
ϕ



1 − exp−ϕ



0.5
(5)

where:
AET0—actual land cover evapotranspiration [mm]
PP—total annual precipitation [mm]
Φ—aridity index expressed as (Equation (6)):
ϕ=

ET0
PP

(6)

The Budyko approach is a very useful method for the determination of AET0. It is
widely applied in hydrological studies because it contributes not only to the water balance
calculation but also it indicates if the heat energy is high enough to generate evaporation
from precipitation [39]. The method also shows good performance [2,40] in climatology
and agricultural studies. In this study, the AET0 contributes to the WA calculation and to
the calculation of effective precipitation over Europe.
3.7. Water Availability (WA)
The water availability or runoff is the amount of water expressed as the difference
between precipitation and AET0.
WA at the continental scale of Europe is of paramount importance for the evaluation
of water resources in human life and its related activities, agriculture and industry. At the
same time, the environmental issues are all closely related to water resources. In fact, they
can benefit greatly from WA and in this case, some risks should be evaluated. Conversely,
some zones could be positively affected by a higher amount of WA and the benefits and
development in the respective areas could be considered.
3.8. Effective Precipitation
Effective precipitation is the amount of water that is able to infiltrate soil. Practically,
effective precipitation is the amount of WA that is not retained as runoff water but most
likely becomes groundwater. In geotechnical terms, effective precipitation and its related
variables are very important parameters. Soil saturation plays a key role in effective
precipitation and in related calculations for the slope stability, shear strength, and factor
of safety. The climate regime, rock permeability, and terrain configuration determine
the infiltration process and the amount of effective precipitation. Thus, all these factors
have been considered in this study to determine the effective precipitation in Europe. A
simple way to calculate the EP is to calculate the difference between precipitation and
evapotranspiration [41]. After integrating the geological layer into the calculation, the most
appropriate approach is achieved using the product between WA and PIM [42]. Assuming
that this work was carried out at a continental scale and that it focused on the long-term
period (averages of 30 years), we decided to calculate the effective precipitation as a product
of water availability and a potential infiltration map, which is a simple ‘steady-state’ model
(Equation (7)):
EP = WA × PIM
(7)
where:
EP—Effective precipitation [mm];
WA—Water availability [mm];
PIM—Potential infiltration map [dimensionless].
For the effective precipitation calculation, a normalization raster of PIM was used [43].
The procedure for the calculation of the effective precipitation takes into account the
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subsurface hydrologic properties, lithology, soil infiltration capacity, and slope as defined
in previous specialty studies [41,44].
3.9. Data Normalization
For this study, the PIC, PIM, and slope angle maps were normalized, and the datasets
were homogenized with values between 0 and 1. In order to obtain a comprehensive
database with WA and effective precipitation, the maps were normalized and processed
on a unique scale. The WA and effective precipitation datasets were then ready to use for
spatial analyses for various applications, e.g., risk mapping of drought, flooding forecast,
groundwater vulnerability, and factor of safety. The standard formula of normalization
(Equation (8)) was used in this study:
X norm = (X − Xmin)/(Xmax − Xmin)

(8)

where:
X—the values in series;
Xnorm—the value after normalization;
Xmax—the maximum values in the series;
Xmin—the minim value in the series.
4. Results
4.1. Variation of Alfa Parameter (α), Heat Index (I), and Potential Evapotranspiration (ET0)
Two main constants derived from the temperature values that permit the calculation
of the potential evapotranspiration calculation (ET0) are the alfa parameter (α) and heat
index (I). At the spatial scale of Europe, α reaches values of up to 1.49 (in the 1990s), 2.34 (in
the 2020s), and 2.54 (in the 2050s) in the Italian and Iberian Peninsulas, while the lower
values were found in the mountain areas for all three periods. Figure 3a–c show the spatial
distribution of α in Europe.
The heat index I in Europe varies from 0 to 94.8 in the 1990s, from 0 to 106.6 in the
2020s, and from 0 to 114.48 in the 2050s. The minimum values are found in the North
of Europe and in the high mountains, where the temperature values are 0 ◦ C and below.
The higher values of I (>0.8) were identified in the West, South and South-East of Europe,
where the temperature values are close to or above 20 ◦ C. Figure 3d–f show the spatial
distribution of I in Europe.
The monthly potential evapotranspiration (ET0) in Europe during 1990s–2050s was
calculated using the Thornthwaite approach [34]. Despite being an older method for
the determination of potential evapotranspiration, this approach is still very useful for
hydrological studies and for long-term period [32,35–37]. In Europe, the monthly ET0
varied from 0 mm to 250 mm during the 1990s, with the higher values in July and August
(over 200 mm) and lower values in the months of January, February, March, November and
December. Figure 4 shows the monthly ET0 over the European continent during the 1990s.
In the 2020s, the monthly ET0 varies from 0 mm to 280 mm, showing higher values
during July and August but also in June and September following the increase in evapotranspiration as better evidenced on a larger spatial scale. The months with lower ET0 are
January, February, March, November and December. Figure 5 reports the monthly ET0 in
Europe during the 2020s. The monthly ET0 during the 2050s varies from 0 mm to 320 mm
in the summer months of June, July and August, but also in September. The months with a
lower ET0 are January, February, and December. Figure 6 illustrates the monthly ET0 in
Europe during the 2050s.
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The heat index I in Europe varies from 0 to 94.8 in the 1990s, from 0 to 106.6 in the
It is important to notice that increases in the value of monthly ET0 were identified
2020s, and from 0 to 114.48 in the 2050s. The minimum values are found in the North of
mostly in the summertime months of June, July, and August as well as during May and
Europe and in the high mountains, where the temperature values are 0 °C and below.
November during the 1990s, the 2020s, and the 2050s. The spatial distribution of the
The higher values of I (>0.8) were identified in the West, South and South-East of Europe,
monthly ET0 shows major changes in Southern, Eastern and Western Europe. Minor
where the temperature values are close to or above 20 °C. Figure 3d–f show the spatial
changes were identified in the months of January and December during the three periods,
distribution of I in Europe.
with non-significant spatial changes in the North of Europe and in the mountainous areas.
The monthly potential evapotranspiration (ET0) in Europe during 1990s–2050s was
calculated using the Thornthwaite approach [34]. Despite being an older method for the
determination of potential evapotranspiration, this approach is still very useful for hydrological studies and for long-term period [32,35–37]. In Europe, the monthly ET0 varied from 0 mm to 250 mm during the 1990s, with the higher values in July and August
(over 200 mm) and lower values in the months of January, February, March, November
and December. Figure 4 shows the monthly ET0 over the European continent during the
1990s.
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5. Discussion
The main goal of this paper was to calculate and assess the spatial and temporal
variation of actual evapotranspiration, water availability and effective precipitation over
the European continent in three major periods. At the same time, the aim of the work
was to come up with the high-resolution grid maps of these parameters, which are very
significant for water resources evaluation and also for several studies.
The maps prepared in this work can be very useful for hydrology, climatology, geotechnical investigations, and civil engineering surveys, but also for environmental studies and
resource planning. In this sense, the AET0 and WA are useful data for agriculture and
irrigation planning during summer periods. The WA datasets also act as an important
parameter for human needs and practices, for example in industry and domestic demands.
The effective precipitation is more closely related to research and civil-engineering purposes.
Thus, the effective precipitation datasets provide essential data required in the study of
landslides and slope stability [43,45]. For instance, civil engineers use specialized software
and models (e.g., Transient Rainfall Infiltration and Grid-Based Regional Slope-Stability
Model TRIGRS) [46] and Scoops 3D is widely used for the determination of slope stability with spatial scale datasets [47]. In this sense, the variations in water availability and
effective precipitation will have an impact on the groundwater table and a further effect on
unsaturated soils [48].
The findings and maps are very useful inputs for various applications, mainly due to
the climate impact on water resources in Europe. For the 1990s, 2020s and 2050s, it was
shown that monthly ET0 will increase by 30% and the annual AET0 will increase by 40%,
which implies a reduction in runoff and water availability. These changes are due to the
temperature increases and slight decreases in precipitation projected for the future period.
Our work is not without limitations. First of all, we conducted a long-term period
analysis of large study area, i.e., the European continent. Reliable results can be obtained
for studies at the continental and regional scales, but for small areas of less than 1 km2 the
calculated parameters have similar values. Secondly, the frame of the analysis provides
30-year averages, which is convenient for the evaluation of climate and water resources
over several decades and to develop future perspectives and plans. Another limitation is
related to the monthly ET0 calculated using the Thornthwaite method, which is based on
the temperature and precipitations parameters [49,50]. In this approach, the wind speed,
solar radiation, and humidity were not considered due to a lack of data and also due to the
uncertainties that may appear if these data are projected for the future. When applying this
method, the value of monthly ET0 is underestimated mainly during the summer periods
when the solar radiation is higher than in the winter for the Europe continent. Overall, the
climate models support and homogenize the results at the continental scale, considering
the downscaled and spatially customizable climate data [51]. For the European continent,
the climate models were carried out from about 5000 meteorological climate stations and
the results of temperature and precipitations are highly accurate [35]. In the South-East of
Europe, the climate effect on groundwater resources was evaluated using similar climate
models to those included in this paper [52].
In terms of short-time period analyses and modelling, a finer temporal resolution,
e.g., hourly data, could improve the studies. However, the present work and grid datasets
are a good point for the European continent and they show a holistic vision regarding the
variation of climate parameters, water availability, and effective precipitation.
6. Conclusions
The original maps of AET0, WA, and effective precipitation over Europe were prepared
in this study for the 1990s, 2020s, and 2050s at a 1 km2 spatial resolution. Climate models
of temperature and precipitation, geological information, and terrain data were the main
datasets used here for the calculations. As the main focus, the AET0, WA, and effective
precipitation datasets were performed in ArcGIS and all layers represent cartographical
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support for water resource investigations and future forecasts for drought, flooding and
water demand for the European continent.
The main findings indicate a reduction in monthly ET0 by 30% between past and
future periods. The variation of annual AET0 indicates decreases of up to 40% for the 2050s.
These aspects will directly influence the variation in WA and EP, which are expected to
decrease by 10% in the future. The areas with major impacts and WA and EP reduction
include the Iberian Peninsula, Mediterranean areas, and Eastern Europe.
The homogenized grid datasets can be efficiently used together with the monitoring
data to run the numerical analyses for drawing the hazard maps under different unsaturated conditions. To support the development of climate-change mitigation planning
for water and natural resource management, we provide gridded data layers in the open
access database (https://zenodo.org/record/5899476#.YfZBvOpByUk; doi: 10.5281/zenodo.5899476, accessed on 1 February 2022).
One of the strengths of the calculated datasets is the temporal frame whose perspective
is of great interest for both the scientific community and authorities of each European
country. The output of this work is basic support for future mid-century environmental
planning. The technical validation of the present methods and output data rely on the body
of previous publications [32,33].
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