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Abstract. The knowledge of evapotranspiration variation is necessary not only for climatology reasons
but also for agriculture and hydrology purposes to understand the amount of water resources and its
distribution in territory. Here, we present an exhaustive study of spatial distribution of crop
evapotranspiration (ET.) in Europe, both for seasonal and annual time-shifts related to the present (2011-
2040) and the future (2041-2070). The method is based on the crop coefficients (K.) and the climate
modes. The seasonal ET, varies in Europe from 0 mm to 772 mm in the present period and from 0 mm to
848 mm in the future period. The annual ET, ranges from 0 mm to 1385 mm year™ for the present while
the future calculations indicate values which range from 0 mm to 1496 mm year™. Elevated values of
annual ET, were depicted in the Iberian Peninsula, Balkan Peninsula, Italian Peninsula, and Pannonian
basin. These findings are the base for the water resources quantity in Europe for the 21% century, with
major help in the hydrological and climatological studies, but also for the agriculture and planning
strategies, policymakers’ decisions, and considerable scientific contribution.

Keywords: climate change, spatial climate data, evapotranspiration mapping, land cover, crop
coefficients, GIS

Abbreviations: GIS: geographical information systems, K. crop coefficients, ET. crop
evapotranspiration, ET,: potential evapotranspiration, K. iy;: initial season coefficient, K, mig: mid-season
coefficient, K. ¢q: end season coefficient, K ciq: cold season coefficient

Introduction

The changes in the planet’s geospheres are continuously also in relations with the
climate. A lot of natural systems and artificial conceptions depend on an optimum
standard to maintain its functionality. The Earth’s climate is warming (Haeberli et al.,
1999; Oerlemans, 2005), a fact for which the equilibrium of different entities is
triggered in many places, regions, and continents. Increase of the mean air temperature
in the last 140 years was observed on the climate trend (IPCC, 2001). Moreover, for the
21% century, an increase in the mean air temperature up to 3 °C and a decrease of
precipitation in different places across the globe were predicted (IPCC, 1996, 2001;
Stavig et al., 2005; The Canadian Climate Models, 2014). The obvious findings about
global warming have been carried out by studying the glaciers, which are the most
sensitive indicators of climate change (Haeberli et al., 1999; Kargel et al., 2005; Dong
et al., 2013; Nistor and Petcu, 2015). An increase in the mean sea level was calculated,
taking into account the Arctic regions and negative trends of the ice field areas, and ice
caps were depicted. However, the impact of climate change on the Earth is not related
only to the glaciers melting; it also implies numerous negative outcomes on agriculture,
land use, and hydrology. Parmesan and Yohe (2003), Campos et al. (2013) and Pravalie
et al. (2014) indicated the climate change negative impact on ecosystems and on water
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resources. The components of ecosystems and the ecolines could be easily affected by
climate change. Due to this reason, many ecosystems and several natural reservations
are exposed to major changes in their composition and biodiversity (Nistor, 2013;
Nistor and Petcu, 2014).

Regarding the water resources, the negative impact of climate change on surface
water has been claimed by scientists to be indicated by the decrease in river discharge
and the reduction in runoff (Piao et al., 2010). These facts have a direct impact on water
availability (Cencur Curk et al., 2014). On the other hand, the northern sides of Europe
and the Alpine region are faced with the increase of the stream flow discharge in the
spring period due to the melting of glaciers and snow, which leads to floods and erosion
in many places due to extreme events (IPCC, 2007). Numerous surveys on groundwater
and climate change were completed in the last two decades as a consequence of global
warming by numerous scientists (Loaiciga et al., 2000; Bachu and Adams, 2003;
Brouyere et al., 2004; Nistor et al., 2014; Pravalie et al., 2014). The majority of them
have found that the negative effects of climate change on groundwater recharge were
mainly related to the reduction in spring flow discharge and seawater intrusion into
coastal areas due to sea level rise. The negative impact of climate change on
groundwater quality is related to the increase in groundwater temperature (Taylor and
Stefan, 2009; Klave et al., 2014) and “dissolved oxygen concentrations” (Figura et al.,
2011; Kleve et al., 2012, 2014; Haldorsen et al., 2012). Jiménez Cisneros et al. (2014)
summarize a series of quantity and quality problems related to climate change in the
“IPCC 2014 report”. The most important issue of the surface waters and groundwater
quantity is directly related to the evapotranspiration amount. Mojid et al. (2015) report
the contribution of the impacts of climate change on crop water demand.

In the Southeast Europe region, climate change also negatively affects the
evapotranspiration (Nistor et al., 2017a). Several hydrological and climatological
studies used the potential evapotranspiration (ET,) and actual evapotranspiration for the
water balance calculations and water surplus determination (Li et al., 2007; Rosenberry
et al., 2007; Gowda et al., 2008). These calculations are more accurate and realistic if
the climate data are well combined with the vegetative pattern. This task contributes to
find the appropriate values of the ET.. Allen et al. (1998) and Allen (2000) proposed a
method for ET. calculation using K. values, extracted from the evapotranspiration ratio
of the ET. and ET,. They calculated the K. values for different large varieties of crops,
including also the tropics and temperate zones. In the same period, Grimmond and Oke
(1999) have conducted a significant research on the K values related to the urban areas
of different cities from the United States. Later, considering Allen et al.’s (1998)
method and Grimmond and Oke’s (1999) additional work, Nistor and Porumb-Ghiurco
(2015) have calculated and completed the spatial distribution of the ET. in the Emilia-
Romagna region from Italy. They used the climatological data grids to calculate the ET,
and the land cover layer to create the evapotranspiration rate in four seasons. Due to its
high applicability, their method has been widely used in ET. mapping for many regions
of Europe. Thus, Nistor et al. (2017b) found the ET. in the Pannonian basin using the
climate models of 30 years for the present (1991-2020) and future (2021-2050) and the
K. values. They observed an increase of ET, for the future period due to increase in the
mean air temperature. In the mountain area of the Carpathian region, the ET. have been
calculated by Nistor et al. (2016) and the research findings indicate the increase of ET.
values for recent decades. These results were connected to the negative climate
warming effects on the evapotranspiration and possible decrease in water availability
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for the next half century. Using the groundwater modelling under climate change, the
water table levels in Geer Basin from Belgium will be expected to decrease in future
(Brouyere et al., 2004). A comprehensive study about the evapotranspiration
parameters, based on accurate methods in Western Macedonia from Greece, was done
by Ambas and Baltas (2012). The REMO and ALADIN regional climate model
simulations have been used by Ladanyi et al. (2015) in the Kiskunsag National Park
from Hungary to investigate the future drought hazard. Anda et al. (2015) and Blanka et
al. (2017) have completed the investigations related to evapotranspiration and water
management in Central Europe. Kurnik et al. (2014) applied a model of Soil Water
Balance European Water Accounting to assess the evapotranspiration of main
agricultural regions from Europe. Recently, using the regional fuzzy chain model,
Giglii et al. (2017) calculated the evapotranspiration in the Kingdom of Saudi Arabia.
Based on Geographical Information System (GIS) and remote sensing technology, Zhan
et al. (2015) have calculated the reference evapotranspiration at a regional scale in
China. Ramirez-Cuesta et al. (2017) did the appropriate work in the South of Spain. In
the Hungarian-Serbian cross-border area, Fiala et al. (2014) analyzed the severity of
drought and its influence on agricultural production.

Considering the threats posed by climate change to agriculture and hydrological
resources in one of the most important and diversified continents of the world, our work
aimed to calculate ET. in two time periods (2011-2040 and 2041-2070) based on the
high-resolution climate models and land cover data.

Materials and methods
Study area

The European continent extends from 34°35° to 80°42’ latitude N and from 0°0’ to
8°59’ longitude W and from 0°0’ to 66°42” longitude E (Fig. 1a). Here, we were able to
complete the ET. only for the main realm of Europe and few islands. The Eastern
extremity of Europe and some islands such as Iceland have not been included in this
investigation due to a lack of climate data.

Europe is a very varied continent from the relief, climate, and land cover points of
view. The northern, western and southern coastal line is unregulated, with many
peninsulas and islands. The altitudes of the continent range from slightly below 0 m in
the Netherlands and some lowlands such as the Danube Delta to 4810 m in Mont Blanc
Peak from the Alps Range.

The most extended landforms in Europe are the plains, followed by hilly areas and
mountains. Thus, in the eastern part of Europe is the East Europe Plain while in the
central and northern sides is located the North European Plain. Other plains are present
in different regions of the continent, e.g. the Po Plain extends in the North of Italy, Ile-
de-France in the North of France, the Romanian Plain in the South of Romania, and the
Pannonian basin in the South-central part of Europe.

More important for the land cover biodiversity and for the air mass movement are the
mountain ranges too. In the South there are the Alps Mountains which extend on
approximately 1000 km in length; in the central and eastern sides there is the Carpathian
Mountains; the elevated southern sides of Europe are represented by the Dinaric
Mountain and in the North are located the Scandinavian Mountains. In the West of
Europe, between France and Spain, there are the Pyrenees Mountains, in the South of
Europe are the Apennines Mountains, while in the North of the British Islands there are
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the Scottish Mountains. In Spain, the high plateau can be found as “Meseta Central”,
but also other hilly areas extend in Europe, generally interposed between the mountains
and plains (e.g. Prealps between the Alps Range and Po Plain, Sub-Carpathians between
the Carpathian Range and the Romanian Plain).
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Figure 1. (a) The physical map of European continent and its location on global map. (b) Land
cover of Europe

The high extension in latitude and also the presence of the Atlantic and Arctic
Oceans in Europe’s surroundings are going to influence the different types of climate.
In the North of Europe, the climate is Baltic; in the West of Europe there is the ocean
influence. In the South of the continent, the Saharan and Mediterranean influences are
felt. The continental influences that occur in the East of Europe and the transitional
climate between oceanic and continental is more present in the Romanian landscape.
The local climates may be depicted in the mountain and near the coastal areas (e.g. in
the Alps, in the Carpathians, near the Black Sea, around the Mediterranean Sea). Cfa
climate was verified in the central, North-central, Southern and some territories of the
southeastern parts of Europe (Kottek et al., 2006). This type of climate is characterized
by the warm temperate climate with hot summer and a fully humid period during one
year. The Dfa and Dfb climates, which represent the cool climate with hot and warm
summers, could be found in the eastern and southeastern sides of Europe. In the
Scandinavian Peninsula and northeastern sides, the Dfc cool climate with the cool
summers has been identified (Kottek et al., 2006). The South of Europe, mainly the
southern sides of the Italian and Balkan Peninsulas, has the Cfc climate. The Csb
climate, characterized by dry and warm summers extends to the North of the Iberian
Peninsula while the Csa climate, characterized by hot summers and limited
precipitation, extends to the South of the Iberian Peninsula. Due to the very low
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temperatures during the winter season, in the Scandinavian Peninsula and in the
elevated areas of the Alps Range, the polar tundra climate is easy to find.

In the direct relationship with the climate and relief conditions, the vegetation pattern
shows an intense biodiversity in Europe. First, the favourable plain lands and coastal
areas are highly recognized for their agriculture lands and urban developed areas.
Generally, in the mountains, the coniferous and evergreen forests are growing. In the
hilly areas and low mountains, the land cover is mainly composed of mixed and
deciduous forests and includes such species as oak (Quercus), beech (Fagus), hornbeam
(Carpinus), and elms (Ulmus) (European Environment Agency, 2007). Pasture,
transnational woodland, and shrubs predominantly cover the alpine areas. The
agricultural crops, hay, and herbaceous vegetation are typically for the lowlands and
plain areas. The northern sides of Europe are covered by tundra vegetation. In the North
of the Mediterranean Sea, the Mediterranean vegetation of stone pine (Pinus pinea) and
maquis vegetation are presented. In the beach areas and drylands such as the South of
Europe, the sclerophyllous vegetation is characteristic. The harbour areas, deltas,
lagoons, marshes, beaches and dunes are also located in the coastal areas. Figure 1b
shows the main land cover of Europe.

Climate data models

Climate models of the monthly air temperature and annual precipitation at high
spatial resolutions have been used for the understanding of Europe’s climatic
parameters and for the seasonal and annual ET, calculations. The models related to the
present (2011-2040) and future periods (2041-2070) are the two main datasets for
which the ET. was computed. Climate projections were obtained from a publicly
available  database = of high  resolution climate grids for  Europe
(http://tinyurl.com/ClimateEU, Hamann et al., 2013). The database builds on the
Parameter Regression of Independent Slopes Model (PRISM) to generate monthly
precipitation grids for the 1961-1990 climate normal period, generated by Daly (2006).
The ANUSplin interpolation method was used to generate monthly temperature grids
for the 1961-1990 normal period. Future projections for temperature and precipitation
are based on 15 AOGCMs of the CMIP5 multi-model dataset overlayed on the 1961
1990 baseline grids using the delta method. Further details on the climate database are
described by Hamann et al. (2013). Both datasets are bias corrected and calibrated by
using an anomaly method. The eastern extremity of Europe does not have available
climate data, thus our study does not include this part of the continent.

Land cover data

A significant dataset in the ET, calculation is the land cover layer, which expresses
in the best way the vegetation spatial distribution in a certain field. To identify the main
crops of Europe and the existing categories of the land cover type, here we used the
CORINE Land Cover 2000 database. Even if it dates from 2000s years, CORINE
database detailed up to the 3™ level is a raster data 250 m in spatial resolution
elaborated and revised by the European Environment Agency (2016). The main
advantages of the CORINE are the details and spatial resolution and the fact that this
database covers the whole of Europe better than other versions of the CORINE 2006
and 2012 in that half the territory of Europe is not represented. Moreover, the raster grid
of land cover is easy to integrate into the GIS environment. Both land cover and
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climatological data were set at 1 X 1 km spatial resolution. This resolution was adopted
also by Nistor et al. (2016) in their mapping ET study.

Potential evapotranspiration (ET)

To calculate the seasonal ET,, the monthly ET, was performed both for present and
future periods. Due to the worldwide use and efficient performance, the Thornthwaite
(1948) method was applied for this study. The monthly raster grid data of mean air
temperature for present and future periods have been used to carry out the monthly ET.
Seasonal and annual ET, were computed from the monthly raster data of ETo.

The Thornthwaite (1948) formula (Eq. 1) is widely considered in the climate,
hydrology and agricultural studies (Cendur Curk et al., 2014; Nistor et al., 2015) but
also provides good results at a regional scale (Nistor et al., 2016).

ET, = 16(—)" (Eq.1)

where:

ETo  monthly potential evapotranspiration [mm]

T average monthly temperature [°C], ETo=0if Tm <0
I heat index (Eq. 2)

o complex function of heat index (Eq. 3)

12
_ Z [%)1.514 (Eq2)
i=1

where:
Ti monthly air temperature

o =675 Xx10771* — 7.71 X 107°1* + 1.7912 X 107°1+ 0.49239 (EQ.3)
where:

I annual heat index

Crop coefficients (K¢)

The key to the land cover evapotranspiration research and ET. calculation at spatial
scale in this approach are the values of K. For each type of land cover was assigned a
specific K¢, accordingly with the specific literature (Allen et al., 1998) and previous
scientific works (Nistor and Porumb-Ghiurco, 2015; Nistor, 2016a; Nistor et al., 2016,
2017a, b).

Understanding it as being the ratio between ET. and ETy, the K. could have a slight
variation for the same crops, depending on the annual period, local micro-climate
conditions, dry or wet state of the Earth surface, latitude, and crop growth (Allen et al.,
1998; Grimmond and Oke, 1999; Nistor et al., 2017b). For this reason in the present
paper we adopt the standard methodology of the single crop (Allen et al., 1998) and also
the values proposed by Nistor (2016a). Allen et al. (1998) published testing values of
the K. for different zones of the world in the Food and Agriculture Organization Paper
56 report. Regarding the evapotranspiration in the bare soil and urban areas, Grimmond
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and Oke (1999) carried out the K. values by measurements in different locations across
the United States. Appropriate values of K. have been chosen for Europe, considering
the latitude as the main factor of relevance.

An important aspect of the spatial representation of the K. is coming from the
calendar crops growth. For the temperate zone, the plant growth stage has been set in
four seasons during one year: (i) initial season from March to May, (ii) the mid-season
from June to August, (iii) the end season during September and October, and (iv) the
cold season during January, February, November, and December. Nistor (2016b) also
inserts one season between initial season and mid-season, the so-called developed
season, but in his work the daily ET, for a not-so-extensive area was done. Due to the
overlapping of the crop calendar (Nistor et al., 2016), at the regional and continental
scales the seasonal ET. may be divided into four seasons. Thus, in function of the crops
and land cover components, the specific values for the initial season coefficient (K ini),
mid-season coefficient (K¢ mig), end season coefficient (K: eng), and cold season
coefficient (K. colq) Were set for the whole land cover pattern of Europe. Figure 2
indicates the spatial distribution of K. on the European continent. Table 1 reports the
values of K. in the four chosen stages.

=

| K ini aE((c) | Kcend
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& I 0.26-05
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I I o.7c -1

; I 101-13
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Figure 2. Spatial distribution of K. in Europe related to the land cover. (a) K. for the initial
stage. (b) K¢ mig for the mid-season stage. (¢) K.enq for the end stage. (d) K co1q for the cold stage

Crop evapotranspiration (ET)

The original procedure to calculate the ET. is to multiply the K. with ETy (Eq. 4).
The mathematical calculations were completed using the ‘Raster Calculator’ function,
from the ArcGIS 10.3 environment. The powerful spatial data analysis, climatological
phenomena mapping and environmental surveys are the main advantages of the Spatial
Analyst Tools from the ESRI software (Baltas, 2007; Dezsi et al., 2015; Nistor and
Petcu, 2015).

Both seasonal and annual ET. for Europe are related to the 2011-2040 and 2041-
2070 periods, with the purpose of observing the effects of climate change on the amount
of evapotranspiration during the 21% century. The four seasons of ET. have been
calculated, multiplying the K. of the respective season with the seasonal ET, from the
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same period stage. Thus, the initial ET. (ET¢ini) (EQ. 4), the mid-season ET¢ (ET¢ miq)
(Eq. 5), the end season ET. (ETcend) (EQ. 6), and the cold ET. (ET¢ caiq) (EQ. 7) were
computed for Europe. Successively, the sum of the seasonal ET. was done to calculate
the annual ET, for the present and the future (Eq. 8).

ET¢ini = ETgini X K ins (Eq.4)

ET: mid = ETomid X Kemig (Eq.5)

ET:end = ETgana X K ena (Eq.6)

ET, cotla = ETpcota X Kecola (Ea.7)

Annual ET, = ET_;; + ET, 9 + ETgpaee + ET 0o (Eq.8)

Table 1. Corine Land Cover classes and representative seasonal Kc coefficients

Corine Land Cover 2000 ;;gslgrlw Ig:arsrg: g;ggg f:agglr?
CLC description Kcle | Kcle | Kcle | Kclc

Tree cover, broadleaved, deciduous, closed 1.3 1.6 15 0.6

Tree cover, broadleaved, deciduous, open (open 15-40% tree cover) 1.2 15 14 0.5
Tree cover, needle-leaved, evergreen 1.1 1.4 1.25 1

Tree cover, needle-leaved, deciduous 1.25 1.45 1.35 0.7

Tree cover, mixed leaf type 1.2 15 1.3 0.8

Tree cover, regularly flooded, fresh water (& brackish) 1.2 1.4 1.3 0.7

Tree cover, regularly flooded, saline water (daily variation of water level)| 1.05 1.3 1.2 0.6

Mosaic: Tree cover/other natural vegetation 1 1.15 1.05 0.5
Tree cover, burnt 0.4 0.6 0.3 -
Shrub cover, closed-open, evergreen (sparse tree layer) 0.9 1.15 1 -
Shrub cover, closed-open, deciduous (sparse tree layer) 0.8 1 0.95 -
Herbaceous cover, closed-open 0.4 0.6 0.5 -
Sparse herbaceous or sparse shrub cover 0.6 0.8 0.7 -
Regularly flooded shrub and/or herbaceous cover 0.7 0.9 0.8 -
Cultivated and managed areas 1.1 1.35 1.25 -

Mosaic: cropland/tree cover/other natural vegetation 0.9 1.1 1.05 0.3
Mosaic: Cropland/shrub or grass cover 0.55 0.8 0.7 -
Bare areas 0.15 0.2 0.05 -
Water bodies (natural & artificial) 0.25 0.65 1.25 -

Snow and ice (natural & artificial) 0.48 0.52 0.52 0.48
Artificial surfaces and associated areas 0.2 0.4 0.3 -

Kclc - crop coefficient for land cover including: Kc - crop coefficient for plants, Ks - evaporation coefficient
for bare soils, Ku - crop coefficient for urban areas, Kw - evaporation coefficient for open water. Source:
From Allen et al. (1998); Nistor and Porumb-Ghiurco (2015); Nistor and Mindrescu (2017); Nistor et al.
(2017b)
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Results

Climate models indicate a rise in mean air temperature trend for the current century
from 21.4 °C (Fig. 3a) to 22.8 °C (Fig. 3b) in Europe. For both the present and future
periods, the maximum values of the mean annual temperature could be found mainly in
the South of Europe, on the Mediterranean coast, in the West sides of the continent,
especially in the Iberian Peninsula, and in some places from the southeastern sides of
Europe, near the Black Sea and Marmara Sea. The Scandinavian Peninsula, North of
Great Britain Island, and the mountain ranges (the Alps, Carpathians, Dinaric, Pyrenees,
and North of Caucasus) are the territories with low values of temperature in Europe
(below 6 °C). Annual precipitation pattern varies from 160 mm to 3539 mm and from
140 mm to 3487 mm in the present respective future periods (Fig. 4a, b). The main
changes of the spatial distribution of annual precipitation were depicted in the central
and eastern sides of the continent. The high values (over 2500 mm) of the annual
precipitation are frequently in the West of the Scandinavian Peninsula, Alps Range,
Dinaric Range and North of the British Island. The lands with low precipitation are
located in the South of the Iberian Peninsula, East and South-East of Europe near the
Black Sea, and in the South of the Balkan Peninsula. As a consequence of the temperate
regime, the annual ET, reaches values over 1200 mm year™ in the present and over
1400 mm year™ in the future period. The highest values of annual ET, were depicted in
the southern and western sides of Europe while the lowest values of ET, were depicted
in the northern and northeastern sides of the continent, but also in the mountain areas.
Figure 5 shows the annual spatial distribution of ET, in Europe for the current and
future set time periods.
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Figure 3. (a) The average of mean annual air temperature between 2011 and 2040. (b) The
average of mean annual air temperature between 2041 and 2070
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Figure 4. (a) The average of mean annual precipitation between 2011 and 2040. (b) The
average of mean annual precipitation between 2041 and 2070
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Figure 5. (a) The average annual ET, between 2011 and 2040. (b) The average annual ET,
between 2041 and 2070

Based on climate models and land cover data, the seasonal ET. mapping has been
completed and analysed for the periods 2011-2040 and 2041-2070. In both times shifts,
the seasonal ET, calculations illustrate the maximum values during the mid-season, as a
consequence of high temperatures and ET, values in the summer months but also
because of the K mig values, which exceed 1.3 in major parts of the continent.

In the present period (2011-2040) the ET. i, values range from 0 to 240 mm,
whereas in the future period (2041-2070) the ET. in ranges from 0 to 248 mm (Fig. 6a,
b). The few changes between the present and the future may be explained by the
contribution of climate change to the increase of ET, in the spring months (March-
May). The high values of ET. i, were found in the West of the Iberian Peninsula and in
the south-central part of the continent. The lowest values of the ET. i, are overlapping
to the North and northwestern sides of the Scandinavian Peninsula, Alps Range,
Pyrenees and Caucasus Mountains. Low ET. i, values were depicted also in the West of
the British Islands and in the northwestern sides of Europe.

§J1c1i-r;io£r(;lm] & fgff."zio%m] *
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B s1- 100 B 61-100
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Figure 6. Spatial distribution of ET. i, in Europe. (a) ET.ini for the initial stage (2011-2040).
(b) ET.ini for the initial stage (2041-2070)

The ET. mig ranges in the present period from 0 to 772 mm, whereas in the future
period the ET. mig Values range from 0 to 848 mm. The highest values of the ET mig (over
600 mm) were depicted in the South of the Iberian Peninsula and in the South of the
Balkan Peninsula. The more significant aspect of the ET. mig Spatial distribution in Europe
is that in the future period the areas of high values extend in a large territory, especially in
the South and central sides of the Iberian Peninsula and also on the northern coast of the
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Aegean Sea. The sides with lower ET. mig are found in the elevated mountains of Europe
such as the Alps and the Caucasus ranges, in the North and West of the Scandinavian
Peninsula, in the central and northern parts of France, and in some sides of northeastern
Europe. Figures 7a and 7b illustrate the spatial distribution of ET¢ mig in Europe.

ETc mid [mm] ETc mid [mm]
2011-2040 2041-2070
I o- 00 o100
B 101-200 B 101-200
B 201 - 300 B 201 - 300
[ 301-400 301 - 400
| 401 - 500 401 - 500
[ 501 - 600 [ 501-600
B o1 -772 I 601 - 848

Figure 7. Spatial distribution of ET, mjg in Europe. (a) ET. mig for the mid-season stage (2011—
2040). (b) ET, mig for the mid-season stage (2041-2070)

For the present period the ET¢ eng Varies from 0 to 334 mm and for the future period
the ET¢ eng Varies from 0 to 359 mm. The high values of ET.eng are located in the West
and South of Europe, mainly in the Iberian and Italian Peninsulas, but several places
with high ET. eng values were depicted in the Balkan Peninsula and Mediterranean
Islands such as Sardinia, Sicily, and the Aegean Islands. The lower values of ET¢ng are
sparsely located in the centre of the continent, the Northern and Eastern parts of Europe,
and on the western sides of the British Islands. No significant differences in the spatial
distribution pattern between the present and the future are observed. Spatial distribution
of ETceng in Europe is shown in Figure 8a, b.
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2011-2040 2041-2070
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Figure 8. Spatial distribution of ET g in Europe. (a) ET.eng for the end stage (2011-2040). (b)
ET.eng fOr the end stage (2041-2070)

As we expected, the low values of seasonal ET. were depicted during the cold
season. In the present period the ET. co1q ranges from 0 to 178 mm, whereas in the future
period the ET. coiq ranges from 0 to 181 mm. The high values of ET. c,1q Were found in
the center, South, South-East and West of Europe. In contrast to other seasons, the
spatial distribution of ET. overlaps mainly to the elevated areas covered by forest and
vegetation that have a significant K ¢q. Interestingly, the maximum values of the ET,
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cold could be easily identified in the North, North-West, and North-East of the Iberian
Peninsula. Significant values of ET. g are also in the South of the Scandinavian
Peninsula, North of the Caucasus Mountains, Carpathian Mountains, and sparsely in the
Balkan Peninsula (Fig 9a, b).

o™ = Socraans™ &
o5 Bl
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B 21-40 2 - 40

I #+-80 | 41-80

\ 1 81-113 1 81-120

B 12-160] 2 I 121 - 160
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Figure 9. Spatial distribution of ET g in Europe. (a) ET. g for the cold stage (2011-2040).
(b) ET, 014 for the cold stage (2041-2070)

The annual ET, ranges in the present period from 0 to 1385 mm year™ and in the
future period from 0 to 1496 mm year™. The high values (over 1000 mm) of the annual
ET. may be found in the South, West, and South-East of Europe, mainly on the
Mediterranean coast. In the central and eastern sides of the continent, the medium
values (400 mm year™ to 800 mm year™) of the annual ET, extend, while the low values
(below 400 mm year™) of the annual ET. could be found in the North of Europe, the
Alps and the Caucasus Ranges, the central land of France, and the West of the British
Islands. The elevated values of the annual ET. in the future period occupy more territory
than in the present, especially in the Iberian Peninsula, Balkan Peninsula, Pannonian
basin, and on northern sides of the Black Sea. Figures 10a and 10b show the spatial
distribution of the annual ET. in Europe.

Annual ETc [mm] k Annual ETc [mm] &
2011-2040 20412070
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Figure 10. Spatial distribution of annual ET, in Europe. (a) Annual ET. for the period 2011 and
2040. (b) Annual ET, for the period 2041 and 2070

Discussion

The main goal of the work was to determinate and complete the spatial distribution
of the seasonal and annual ET. in Europe during the 21% century. Numerous
calculations and few presences in the specialty literature of this type of research are
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available. The applied method, based on the land cover and climate models, allow us to
bring forward one of the most important climatic parameters at European scale, the
seasonal and annual ET.. Considering the recent climate change (Haeberli, 1999; IPCC,
2001, 2007; Oerlemans, 2005; Nistor, 2014, 2017; Nistor and Petcu, 2015), the first
observations about the general climate of Europe have come to affirm the continental
warming about 1.4 °C for the future period (2041-2070). Additionally, the precipitation
amount is expected to be slightly lower with a minimum of 50 mm year® and an
increase in the annual ETo by 200 mm year™ is shown for the 20412070 period. These
findings are acceptable while we use the climate models based on the RCP4.5 and not
RCP8.5, which may provide the worst scenarios.

The climate variables used in the present study are in line with the findings of
existing regional models. Cendur Curk et al. (2014) and Cheval et al. (2017) carried out
the mean air temperature, mean annual precipitation, and annual ET, for South East
Europe. In this part of Europe, Cheval et al. (2017) carried out a maximum difference of
1.4 °C in the mean air temperature between 1991-2020 and 2021-2050 periods, while
Cenéur Curk et al. (2014), in their studies about climate change and mitigation of the
water resources in South East Europe, illustrate the reduction of the annual precipitation
pattern by 60 mm and increases of the ET, between the future and present periods.
Thus, in the present period Cenéur Curk et al. (2014) indicated values of annual ET up
to 957 mm year™, while in the future they have found 1040 mm year™ of annual ETo. In
the present work, the values of annual ET, are more appropriate than the annual values
of ETy carried out by Cenéur Curk et al. (2014).

Best for our contribution to the European researches, up to the present, no studies
regarding ET. were done on a Europe scale due to the complex procedure of monthly
ETo calculations and K. integration. Few regional works of ET. bring forward the
effects of climate change on evapotranspiration. Annual values of ET. obtained in the
present paper are comparable to the values obtained by Nistor et al. (2017b) in South
East Europe. They determined the annual ET, in two time shifts (1991-2020 and 2021-
2050) in which the maximum values of the annual ET, registered 1297 mm, respective
1410 mm. More than this, even if Nistor et al. (2017b) have used regionally coupled
models (RCMs) for the climate data, the spatial distribution of high values of ET. were
found in the South of the Balkan Peninsula, like in the present paper. Appropriate
results of the annual ET, at European scale are in line with annual ET carried out at the
regional scale of the Pannonian basin and Carpathian region by Nistor et al. (2017a),
respective Nistor et al. (2016). In the first case, the maximum annual values of
1083 mm for the present period (1991-2020) and 1148 mm for the future period (2021
2050) have been calculated for the ET. in the Pannonian basin, while in the Carpathian
region the annual ET. reached 1019 mm in the period of 1991-2010. At the European
scale, in these territories the annual ET. values indicate 600-1000 mm for the present
and 800-1200 mm for the future. Based on the historical data of the 1991-2005 period,
Nistor and Porumb-Ghiurco (2015) have found maximum values of annual ET. around
1118 mm year™ in the Emilia-Romagna region from Italy, while in our study, the annual
ET. for the same region indicates 1000-1200 mm year™.

Between present and future periods, the seasonal ET. indicates higher difference in the
mid-season and end season. Thus, an increase from 772 mm to 842 mm it was calculated
during the mid-season for 2011-2040 respective 2041-2070. Regarding the end season,
the values of ET¢eng are expected to increase between present and future from 334 mm to
359 mm. These results may have drastic influences on the hydrology of Europe but also
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on the biodiversity of the territory mainly in the summer and early autumn. The negative
impact of the current and future climate in Europe on the evapotranspiration is quite
alarming, especially for the western and southern sides of Europe. The above-mentioned
comparison with the previous surveys in various regions of Europe is a good outcome in
agreement with the European map of ET.. However, our work has some limitations,
which are closer to the direct evapotranspiration measurements that can improve the
results, but only in the local sites. To generalize the field measurements of each crop type
to the whole of Europe is not a suitable method for the fact that we have chosen to
integrate the standard values proposed by Allen et al. (1998), Nistor and Porumb-Ghiurco
(2015), Nistor (2016), Nistor et al. (2017a). Moreover, these shortcomings do not affect
the research because the study was done on a continental scale and the land cover and
climate data are represented using high resolutions.

The results of the advanced calculations of the seasonal ET. related to the four stages
show not only an increase in the ET. amount for all stages but also the widening of the
territories with high values. In the initial season, the higher values of ET i, are often
found in warm areas with the land covered by broad-leaved forests, cultivated lands,
and managed agricultural areas. The herbaceous areas and croplands backed with the
high mean air temperature indicate the highest values for the ET. mig Season such as in
the South of the Iberian Peninsula and east-central sides of Greece. During the ET¢ end
season, tree cover, needle-leaved forest, deciduous forests and agricultural areas from
West, South and South-East sides of Europe represent the main vegetation with high
evapotranspiration capacity. The ET. ¢ pattern looks very interesting, both for the
present and future periods. The elevated values of the ET. coiq are located especially in
the areas covered by the mixed leaf associated trees, needle-leaved and deciduous
forests, and evergreen forests which have the K¢ g higher than 0.6 and the hilly and
mountainous areas. In this season, the agriculture and urban lands indicate very low
values (below 20 mm) of the ET. co1g due to the low temperatures, but in major cases the
ETccoig IS 0 mm due to no value for the K¢ ¢oig. In the cold months, due to the negative
values of air temperature, the monthly index | of the Thornthwaite formula cannot
return the positive values for the respective territories. Corrections of the index I raster
data including the “0” values in that parcels was done with the aim to complete the
ensemble of 12 months which served as the annual heat index I. These operations were
needed because the seasonal and annual ETy indicated “no data” in certain areas with
low-temperature values, but in reality the ET, is null there. Integrating the monthly heat
index I and alpha parameter into the ET, equation, the seasonal and annual ETo and ET,
were found. In broad terms, both annual ET, and ET. have a correlated spatial
distribution with the latitude and altitudes; moreover, good correlation exists between
West and East, respectively the oceanity and continentality influences. Thus, on the
southern and western sides of Europe, at low latitudes and closer to the Atlantic Ocean,
the ETo and ET. have high values, whereas on the northern and eastern sides, at high
latitudes and close to the Asia continent, the ETo and ET. have lower values. In the
central parts of Europe, likely as a strike from West to East, the ET, and ET. register
medium values, slightly decreasing over the East. Comparing both maps, the details of
the annual ET, indicates a more realistic situation of the European evapotranspiration
because it incorporates the vegetation factor. As we expected for the British Islands, the
annual ET. reaches values between 300 and 500 mm, with decreasing spatial
distribution from West to East due to the ocean air mass direction, but also the higher
mean air temperature in the eastern areas.
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A significant observation should be made on the annual ET. in the urban areas and
land with water bodies. Due to the low K. and no values of this coefficient during the
cold season for the urban and water body lands, the annual map of ET. shows
evapotranspiration amount below 200 mm year™.

Conclusions

Overall, the seasonal and annual ET. in Europe were mapped for the 2011-2070
period, using long-term climate models and detailed CORINE Land Cover data.
Variations of seasonal ET. values between the present and future are found for all four
set stages, with significant increase in the mid-season and end season. The most striking
seasonal findings refer to the ET¢ mig when the maximum values increase from 772 mm
to 848 mm and the distribution of high values extends considerably in the area.
Significant changes of the annual ET. could also be shown between the present and
future periods. The annual ET, values increase from 1385 mm to 1496 mm due to the
impact of climate change in the second half of the 21 century.

Using the K. and climate models, the present study shows a reliable approach to
assessing the ET. at the spatial level even if the crop calendar may have some
overlapping times due to the cultivations and complexity of vegetation development in
the European continent. Nistor and Porumb-Ghiurco (2015) and Nistor et al. (2017a)
illustrated in their studies how the methodology at a regional scale works.

Based on the findings, the impact of climate change indicates a negative aspect in
terms of drought and water availability in several areas of Europe. The southern,
western, southeastern, and central sides of Europe are faced with the high annual ET
(over 1000 mm year™), a fact which may produce problems on the surface and
groundwater resources, also a slight desertification may also occur in those areas.
Even if few, the important areas with low annual ET. were found in the Alps Range,
Pyrenees Range, Caucasus Range, Scandinavian Peninsula, western and northern sides
of the British Islands, centre of France and sparse parts of East Europe. These areas
are not drastically affected by global warming and can be a considerable source of
water supply. In this sense, our work highlights the spatial variation of
evapotranspiration under climate change. The findings could be important keys for the
scientists in climatology, hydrology, and agriculture. Moreover, the maps made in this
survey represent a tool for urban and environmental planning, water resources and
land irrigation strategies, reports and further scenarios of derivate indices regarding
the land use policy and climate change mitigation. We strongly recommend to
complete more investigations of water availability in the areas where the annual ET,
exceed 1000 mm year™, especially in the southern, western, southeastern, and central
sides of Europe. The investigation of these areas should include groundwater
monitoring and vulnerability assessment to climate change. Surface waters quality
evaluation through in-situ methods (water sampling from rivers, irrigation channels)
in the South of Europe will allow providing sustainable water resources and durable
ecosystems. The aquifers located near the coastal areas are supposed to be in danger
due to sea level rise and seawater intrusions. For a proper management and sustainable
groundwater resources in the coastal areas, we suggest to each region to complete
temporal water sample analysis (once two years) regarding the salinity variation and
to organize workshops to provide solutions for fresh water sustainability in the regions
where the salinity in groundwater increases.
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