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Q)Abstract. Groundwater recharge depends generally on precipitation. In this paper, a GIS procedure

Mas applied to assess the climate change effect on groundwater recharge in the Grand Est region,

France. The analysis comprises high-resolution climate models, which reflect the long-term

Oclimatological regime. The hydrological properties include aquifers, land cover, and terrain

P ﬁmorphology data, which were used to develop the potential infiltration map of the study area. Two

parameters, the De Martonne Aridity Index and the effective precipitation, were combined into 5 X

5 matrix to assess the climate change effect on groundwater recharge during past (1990s), present

(2020s) and future periods (2050s). The present and future intense aridization and the depletion of

the effective precipitation (below 650 mm) reveal the negative effects of climate change on aquifers

recharge in the Grand Est region. The areas with high and very high climate effects will increase in

the 2020s and 2050s. These areas extend mainly in the western, north-central, and north-eastern

parts of the region occupying the Rhine, Aube, and Marne Valleys. The medium effect could be

found in the central, southern, and north-western parts, while the low impact on groundwater

@echarge was verified in the north-western and south-eastern parts of the region. The area with low

effects of climate change extends mostly in the Vosges and Ardennes Mountains. These findings
Q)contribute to the long-term hydrogeological studies in the Grand Est region.

l )Keywords: aquifers; effective precipitation; De Martonne Aridity Index; actual crop
evapotranspiration.

Qntroduction

Q) Over the last decades, numerous problems related to climate change and environment occurred
(IPCC, 2001; Jiménez Cisneros et al., 2014). Most of these problems are coming from the climate

< )Narming (Haeberli et al., 1999) at global level and in several regions (Cenéur Curk et al., 2014;
Cheval et al., 2017). IPCC (2001), Stocks et al. (1998), Shaver et al. (2000), Stavig et al. (2005),

he Canadian Centre for Climate Modelling (2014) claimed the increases of mean air temperature

and decreases of precipitation amounts in different regions of the world. In Europe, the southern

and south-eastern regions are facing reductions of precipitation and waters recharge, especially for

the current period (2020s) and the mid-century (2050s) (Cenéur Curk et al., 2014; Cheval et al.,
2017). At high latitudes, the climate warming affected the glaciers and ice masses (Kargel et al.,

2005; Oerlemans, 2005; Shahgedanova et al., 2005; Dong et al., 2013; Xie et al., 2013; Elfarrak et

al., 2014), while in the temperate zones and tropics, the climate variation and anthropic factors have

major impact on the agriculture, landscape and hydrology. Moreover, the natural and semi-natural

areas are likely more susceptible to experience the negative impact due to climate change (Nistor
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and Mindrescu, 2017). These areas include forests, shrub and/or herbaceous vegetation associations,
and open spaces with little or no vegetation (Kosztra et al., 2017). Due to the increasing of mean air
temperature, the groundwater temperature rises and the associated dissolved solutions may induce a
low quality to groundwater (Taylor and Stefan, 2009; Figura et al., 2011; Klgve et al., 2012;
Haldorsen et al., 2012; Klgve et al., 2014; Furtuna et al. 2018).
The negative impact of climate change on surface waters and groundwater resources was
observed worldwide. Negative impact on groundwater due to climate change was observed by using
the water table measurements and by monitoring the spring discharge (Aguilera and Murillo, 2009;
Q)Jiménez Cisneros et al., 2014). Cencur Curk et al. (2014) indicated the areas with high impact of
climate change on the groundwater vulnerability in the South-East of Europe.
ﬁ The aim of this work is to assess the climate change effect on effective precipitation in Grand Est
Oegion from North-East of France. This is one of the most dynamic regions in Central Europe, with
a complex orography and varied climate conditions.
[ ﬁ In climatology and hydrology studies, the climate indices are significant due to the ability to
haracterize the climate regime, humidity-aridity, and continentality-oceanity (Flocas, 1994; Filatov
et al., 2005; Baltas, 2007). In European regions and not only, the De Mertonne Aridity Index,
UNEP Index, Johansson Continentality Index, Pinna Combinative Index, and Kernel Oceanity
Index were used for various climate and agricultural investigations (Baltas, 2007; Cheval et al.,
2017). From these indices, the De Martonne Aridity Index is often used to evaluate the ‘aridization
humidity’ climate considering the climate data of precipitation and temperature. This index was
used at spatial scale for climate characterization and agricultural studies in northern Greece (Baltas,

2007) and in Turkey (Deniz et al., 2011).
ﬁ The effective precipitation is mainly the difference between precipitation amount and

evapotranspiration. There are many evapotranspiration methods in the published literature. Penman

@1948), Turk (1961), Hargreaves-Samni (1982), Thornthwaite (1948) are some examples of

evapotranspiration and evaporation methods used in the hydrological studies. Penman-Montheith

Hmethod for daily crop evapotranspiration (ETc) was set by Allen et al. (1998) and was successfully

pplied in different regions of the world. For the agricultural studies, Allen (2000), Gowda et al.

08), Pravalie (2014), Nistor et al. (2018) used the reference evapotranspiration (ETo) and ETc.

Actual evapotranspiration (AETo) is mainly used to carry out the water balance calculation

(Budyko, 1974). Through Budyko (1974) approach, wide applications of runoff and water surplus
determination were conducted (Geritts et al. 2009).

O Due to the long-term period analysis, Thornthwaite (1948) calculated the ETo and Budyko
(1974) calculated the actual evapotranspiration. In addition to the assessment of the land cover
evapotranspiration, we adapted the Nistor and Mindrescu (2017) methodology. They used crop
coefficient (Kc) to calculate the ETc and AETc. The adapted version of the NISTOR-CEGW
method was applied to determine the long-term climate change effect on groundwater recharge at
spatial scale, in the Grand Est region. Climate models, land cover scenarios, terrain morphology,
and aquifers composition were analysed by Geographical Information Systems (GIS).

2. Study area

The Grand Est region is located in the north-eastern part of France (Figure 1). Central, northern,
southern, and eastern parts of the Grand Est region are the elevated areas, with the Vosges
Mountains the south-east. Rhine, Aube, and Marne are the main rivers, which cross the study area
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(Vergnes and Habets, 2018). The largest valleys and low lands of the region spread out along these
rivers.

The Grand Est region has temperate climate, with precipitation regime of 500-2000 mm/year and
higher than 2000 mm in the Vosges mountains (Thierion et al., 2012). The mean annual
temperature varies from 4 to 10 °C. According to the Koppen-Geiger climate classification, the
region is included in the Cfb class, indicating fully humid warm temperate climate with warm
summers (Kottek et al., 2006).

Vegetation type and land use pattern are in line with the relief and climate conditions of the

Q)egion. As shown in Supplementary material 1, the land cover of Grand Est region indicates the
western part of the region as more agricultural for 2000, 2012, and 2040 in comparison with the
Hestern part, which is composed predominantly of different types of forests. Artificial areas are
parsely distributed in the territory, with expectation of urban lands extension for 2040. The
implication of land cover typology for evapotranspiration and variety of precipitation control the

[ ﬁdifferent recharge amount of groundwater in the Grand Est region.

;l 3. Materials and methods

3.1. Data base
<3.1.1. Climate data
The mean monthly air temperature and mean monthly precipitation climate models for 30 years:
1990s (1961-1990), 2020s (2011-2040), and 2050s (2041-2070) were considered for this study. The
limate models used here cover the area of Europe and were performed by Andreas Hamann
(Hamann et al., 2013), from Alberta University, Canada. In the construction models, homogenized
Q)data from 1961-1990 (baseline) were considered.
The observed data contain surface observations, accounting for about 1644 stations for
Htemperature (647 for minimum monthly temperature, 344 for mean monthly temperature, and 653
for maximum monthly temperature). These values were quality verified for inhomogeneities (New
%I., 1998) and used for the construction of grid climatological models at finer resolution (0.5° lat.
X 0.5° long.). Approximately 1333 meteorological stations have been used for the precipitation
Q)gridded data. These datasets were elaborated in the CRU TS 2.1 project (Mitchell and Jones, 2005)
and are available for public and research purposes (http://www.cru.uea.ac.uk/).

The baseline models for the 1990s and future precipitation models of the 2020s and 2050s

periods were performed using the Parameter Regression of Independent Slopes Model (PRISM).

OT he temperature models of the same periods include the ANUSplin interpolation method. An

emission of Representative Concentration Pathway (RCP) 4.5 was considered for this study, which
suggests a moderate climate change for the mid-century, with global predicts of +1.4°C (0.5).

The final product of the climate models resulted as an ensemble average of 15 AOGCMs related

to the CMIP5 multi-model dataset following the IPCC Assessment Report 5 (2013). The ensemble
average of 15 AOGCMs, which compose the CMIP5 multi-model, includes CanESM2, CCSM4,
INM-CM4, ACCESS1.0, HaddGEM2-ES, MRI-CGCM3, IPSL-CM5A-MR, CNRM-CM5, MIROC-
ESM, MIROC5, CSIRO Mk 3.6, CESM1-CAM5, MPI-ESM-LR, GFDL-CM3, and GISS-E2R
climate models.

The false pixels at the boundaries of low-resolution AOGCM grid cells were corrected using a
bilinear interpolation to the anomaly grids prior to overlay. Instead of bias correction, we have
applied a Change Factor (CF) method in the raw GCM outputs. The methodology of the models are
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in line with the Daly et al. (2006) approach and it is explained in detail by Hamann and Wang
(2005), Mbogga et al. (2009), Wang et al. (2016), Dezsi et al. (2018). The ClimateEU v4.63
software package was used to perform the climate data models. This software is available on the
website (http://tinyurl.com/ClimateEU) and follows the procedure of Hamann et al. (2013).

3.1.2. Aquifers data

The main types of aquifers were defined accordingly to the geological compositions and
Q)International Hydrogeological Map of Europe (IHME) (Supplementary material 2a) (BGR and
UNESCO, 2013). In the Grand Est region, the geology is composed of jointed and karstified
ﬁlimestones, shales, sandstones, conglomerates, mars and clays, and plutonic rocks (Supplementary
material 2b). BGR and UNESCO (2013) indicate six types of aquifer productivity. Celico (1988)
Oand Civita (2005) proposed the Potential Infiltration Coefficient (PIC) considering the rocks that
ﬁcomposed the aquifer (Supplementary material 3). The significance of the infiltration coefficients in
the hydrogeology and groundwater vulnerability calculation is mentioned by Cendur Curk et al.
4—)(2014), Nistor et al. (2018).

3.1.3. Terrain data

The Digital Elevation Model (DEM) of the Grand Est region shows altitudes varying from 51 m
to 1298 m, with the highest values in the VVosges Mountains (Supplementary material 4a). The
topography of the region has major implications in the slopes gradient, water flow, and infiltration.
The infiltration process is controlled by the lithology and morphology of the terrain. Nistor et al.

@2018) developed the potential infiltration map model using the ratio between PIC and slope angle
(normalized values). The meaning of the concept is based on the reasoning that where the PIC is
Q)wigher and the slope angle is lower, the infiltration values will be higher. In this study, the DEM of
the Grand Est territory served to generate the slope angle map (Supplementary material 4b). This
Hmethod was applied in the groundwater survey from the Carpathian Mountains (Nistor et al., 2018).
The mathematical operations were computed on raster grid data in the ArcGIS environment. Figure

i lustrates the potential infiltration map of the Grand Est region.

Q)3.1.4. Land cover data

OT hree land cover datasets were used in this study, which refer to CORINE Land Cover database for
2000 and 2012, available on the Copernicus Land Monitoring Services (2012)
< >(http://land.copernicus.eu/) (Supplementary material 1a and b). For the 2040 period, there were used
the Hercules models obtained by Schulp et al. (2015) in the “Sustainable futures for Europe’s
HERitage in CULtural landscapES” project (Supplementary material 1c). The land cover
projections consider the potential future threats to cultural landscapes and include globalization,
demography, and change processes (Schulp et al., 2015). In the land cover mapping, the cultural
landscapes such as landscape patterns, landscape structure and intensity of land use, cultural
significance were included into the “Landscape Character Index”. In addition, the “polarization of

land use” is based on land abandonment in some places and intense agriculture in other places,
which trigger the current changes in cultural landscapes (Gellrich and Zimmermann, 2007;
Kuemmerle et al., 2008; Navarro and Pereira, 2012; Verburg et al., 2010).

Four scenarios (Al, A2, B1, and B2) of future land use changes for 2040 were carried out based
on fourteen trajectories in the land trend changes (Schulp et al. 2015). These trajectories include the
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forestry, agriculture, and urbanization. Scenario Al focusses on economic growth at global level
with increases of the growth of food. In this scenario, the weak regulation on land use change,
declining tropical forest areas, and a fully liberalized CAP were considered (Lotze-Campen et al.,
2013). In Scenario A2, the modest economic growth and no change in the CAP were used. For the
Scenario B1, slow growth of food and food demand and modest bioenergy demand were the main
differences in comparison with others scenarios. In Scenario B2, the fragmented world with modest
economic growth was considered, with no change in the CAP and modest bioenergy demand
(Lotze-Campen et al., 2013).
Q) In this study, Scenario Al was chosen since the poor regulation on land use change is
predominant and may have major negative environmental impact. Moreover, Nistor and Mindrescu
~(2017) argued that Scenario Al had significant implications at regional scale for the

Oevapotranspiration increase.

The outputs are the raster data of land cover called the ‘Hercules models’ and are available on
[ Mthe website (http://www.hercules-landscapes.eu/). The land cover raster data were set at 1 X 1 km
Hpatial resolution to be in line with the climate data. This resolution is often used in regional studies.

H&Z. De Martonne Aridity Index

The De Martonne Aridity Index is very useful for the climate characterization and moisture
evaluation at local scale (Deniz et al., 2011). This index was proposed by De Martonne (1925,
1926) and is often used in the climatological and agricultural studies (Zambakas, 1992). Due to its
importance, the De Martonne Aridity Index (Eq. (1)) is used for temporal and spatial analyses in
various regions of the world (Baltas, 2007).

d A

PP
Ipm = T+10 (1)

te

here
P annual mean precipitation [mm]
annual mean air temperature [°C]

P

Table 1 shows the climate types divided according to De Martonne (1925).

.3. Evapotranspiration and water availability

CCC

3.3.1. Reference evapotranspiration (ETo)

Based on the grid of temperature and precipitation monthly data, the monthly ETo and further
annual ETo were calculated using the Thornthwaite (1948) method (Eq. (2)).

A

ETo = 16(——)" @)
where:
ETo monthly reference evapotranspiration [mm]
T average monthly temperature [°C], ETo = 0 if the mean temperature <0
I heat index (Eq.(3))
o complex function of heat index (Eqg. (4))
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This approach is common for the climate and hydrological studies, especially for the long-term
periods (Cendur Curk et al., 2014). Multiplying the ETo by Kc, the ETc could be found (Eq. (2)).

_ Z (%)1.514 (3)
i=1

where:
Q) Ti monthly air temperature
~ a =675 x107713 — 7.71 x 107°12 + 1.7912 x 10721 + 0.49239 4)
where:
< ) | annual heat index

oY ‘In order to calculate the ETc (Eq.(5)) at spatial scale, Kc values were assigned to each land cover

H e Annual ETc = annual ETo X annual Kc (5)
where:
< ETc crop evapotranspiration [mm]
ETo reference evapotranspiration [mm]
@ Kc crop coefficient [dimensionless]
L

PAIIen et al. (1998) provided the seasonal K¢ values for crops in ‘FAQO Irrigation and Drainage Paper

56’. Grimmond and Oke (1999) carried out the Kc for the urban areas of the temperate zone. In this

er, we agree with the annual Kc values (Tables 2 and 3) used by Nistor and Mindrescu (2017)

and Nistor (2018) (Supplementary material 5). They calculated the annual values of Kc from the

atio of the annual ETc carried out with four seasons with specific seasonal Kc and the annual ETo.

For the future land cover projection, we chose Scenario Al because it seemed most unfavourable
Orrom the evapotranspiration (high amount) point of view at spatial scale.

03.3.2. Actual crop evapotranspiration (AETc)
We have applied the Budyko approach (Eq. (6)) (Budyko, 1974).

AET 1 —
= = [(otan =) (1 - exp™9)]° (6)
where:
AETc actual land cover evapotranspiration [mm]
PP total annual precipitation [mm]
(0] aridity index (Eq. (7))
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ETc
= 25 (7)

This method is useful for the water balance calculation and indicates if the heat energy is quite
high to produce the evaporation from the precipitation amount (Gerrits et al., 2009; Cencur Curk et
al., 2014). The procedure implies the aridity index determination and AETc calculation for an
annual period. Here, we incorporated the ETc instead of ETo to find the aridity index (Eg. (6)).
Thus, the land cover evapotranspiration is included in the AETc method.

~3.3.3. Water availability

In order to determine the water availability during the 1990s, 2020s, and 2050s, climate models and

land cover were used to calculate AETc. From the difference between annual precipitation and

[ ﬁAETc, the maps of water availability were carried out (Eq. (7)). All calculations were completed in
Pthe ArcGIS 10.5 environment at high spatial resolution (1 km?).

;_* WA = PP — AETc (8)

where:
WA water availability [mm]
PP total annual precipitation [mm]

@ AETCc actual land cover evapotranspiration [mm]
@3.4. Effective precipitation

g Based on the terrain lithology and morphology, a certain amount of water availability infiltrates
the soil and it is supposed to recharge the aquifers. According to the rainfall intensity and saturation
%he soil, the infiltration process takes different times for different typology of rocks. Russo et al.
(2015) assessed the regional suitability for managed aquifer recharge using GIS and novel
pproaches for datasets combination, including surface and subsurface hydrologic properties and
conditions. The main data used in their methodology is based on geology, soil infiltration capacity,
and use, topographic slope, and measured infiltration. Russo et al. (2015) classified the layers using
a relative scale of 1 to 5 in base of three methods: knowledge of field properties, GIS natural breaks
Oconsidering the distribution of property values, and raw data operations. In South Italy, Cianflone et
al. (2015) developed a GIS procedure to estimate the potential recharge of aquifers in the Sibari
Plain. Based on the previous hydrogeological studies (Celico, 1988), they assigned a value of PIC
to each type of lithology. Multiplying the effective rainfall by PIC and correction factor, Cianflone

et al. (2015) calculated the effective infiltration.
Here, we determined the effective precipitation by multiplying the water availability with

potential infiltration map (Eqg. (9)).

EPP = WA x PIM (9)
where:

EPP Effective precipitation [mm]
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WA Water availability [mm]

PIM Potential infiltration map [dimensionless]

Since this is a study over a long period, it is difficult to account for the time variable for the
infiltration process. In this study, the normalized potential infiltration map was used, divided in ten
equal classes from 0.1 to 1. This procedure was applied to avoid the calculations with very small
values which occur in the infiltration map (bellow 0.1) and are not realistic, especially for the
artefacts cells. Moreover, through this method, the results are in line with the hydrogeological

Q)studies. This type of normalization was used by Gardi et al. (2010) to avoid the division by 0.

Y—

< ’3.5. Matrix method to assess the climate effect on groundwater recharge

[ ﬁ This approach was adapted after the NISTOR-CEGW matrix method, which combines the De
l )Martonne Aridity Index and effective precipitation to assess the effect of climate change on
groundwater resources (Nistor and Mindrescu, 2017). In addition, we used potential infiltration map
to obtain the effective precipitation.

Five classes of climate effect were defined for the final layers of the De Martonne Aridity Index
and effective precipitation: very low, low, medium, high, and very high. The De Martonne Aridity
Index was set according to the climate classification of this index from the extremely humid class to
the Mediterranean class. For the Grand Est region, the semi-dry and dry climates were not
identified. The effective precipitation was classified into five categories, as follows: 0 — 50 mm, 51

@ 100 mm, 101 — 300 mm, 301 — 500 mm, and above 500 mm.
In order to assess the climate change effect on groundwater recharge, we used the 5 x 5 matrix
ethod to combine the De Martonne Aridity Index and effective precipitation. The meaning of the
matrix (Figure 3) suggests that the areas with low values of the De Martonne Aridity Index and
Qareas with low values of effective precipitation represent areas susceptible to climate change effect

Qng:roundwater recharge.
4. Results

q')4.1. Variation of climate over 1990s, 2020s, 2050s

The climate parameters of temperature, precipitation, and ETo were analysed at spatial scale
during 1961-1990 (1990s), 2011-2040 (2020s), and 2041-2070 (2050s). Considering these metrics,
advanced calculations regarding the AETc, water availability, and effective precipitation were
completed for the three temporal windows in the Grand Est region. Overall, the climate change
impact on the evapotranspiration and effective precipitation in Grand Est region from North-East of
France would seem to have a negative impact, mainly for the future period.

Considering the baseline climate models (1990s), the mean annual temperature for the past
period ranged from 4.1 °C to 10.7 °C (Figure 4a). For the same period, the mean annual
precipitation values ranged from 568 mm to 2414 mm in the Grand Est region (Figure 4d) while the
annual ETo values ranged from 392 mm to 548 mm (Figure 4g). The areas with high mean annual
temperature (above 10 °C) and high annual ETo (above 500 mm) overlap the Rhine, Marne, and
Aube Valleys. In these areas, the annual precipitation shows lower values (below 600 mm). In the
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Vosges and Ardennes Mountains, the mean annual temperatures and annual ETo are lower (below
6°C and below 400 mm, respectively).

Consistent increases in the maximum mean annual temperature (+2.5 °C) between the 1990s and
the 2050s could be observed in the climate models (Figures 4a and c), with high impact in the
western and eastern parts of the Grand Est region. Precipitation pattern for the future period
indicates no significant changes (Figures 4e and f), while the annual ETo shows increases up to 631
mm and up to 657 mm for the 2020s (Figures 4h and i), with significant impact on the whole
territory, especially in the low lands (e.g. Rhine, Marne, Aube valleys). These values have negative

Q)influence on the groundwater recharge due to the decrease in the water availability and effective

|precipitation.

OA.Z. Variation of the De Martonne Aridity Index

[ ﬁ The spatial distribution of the De Martonne Aridity Index in the Grand Est region was computed

Qbased on climate models and using GIS techniques. During the 1990s, the index values range from

28.57 to 154.91 (Figure 5a), while during the 2020s, the De Martonne Aridity Index ranges from

26.74 to 140.31 (Figure 5¢) and during the 2050s this index ranges from 24.65 to 133.32 (Figure

5e). The higher values of the index (above 55) denote an extremely humid climate mainly in the

south-eastern part, where the Vosges Mountains spread out. The high values were identified also in

few locations from the south-central and north-western parts of the Grand Est. The major part of the

territory is characterized as very humid (values from 35 to 55) and humid (values above 28 and

below 35). During the 2020s and 2050s, the De Martonne Aridity Index decreases, indicating a

@radual aridization for the 21% century. Thus, in 2020s some locations in the western and south-

eastern parts appear as semi-humid, while in the 2050s the semi-humid class is more pronounced in

Q)Nestern and eastern parts of the region. In this period, the areas with very humid and extremely

humid classes of the De Martonne Aridity Index decreased and the semi-humid class expanded in
Harea. This detail indicates a climate change negative effect in the region.

Q. Variation of evapotranspiration and water availability

Q)By applying the presented methodology, the spatial distribution of annual ETc and annual AETc in
the Grand Est region were found. Thus, during the 1990s, the annual ETc ranges from 93 mm to

0777 mm, while in the near-term period of 2020s the annual ETc ranges from 102 mm to 892 mm
and in the 2050s period, the annual ETc ranges from 138 mm to 873 mm. The high values (above

0700 mm) of annual ETc during the 1990s could be observed in the central and southern parts of the
Grand Est region (Supplementary material 6a), especially in the Meuse and Haute Marne provinces.
The lowest values (below 300 mm) of annual ETc are mainly identified in the artificial areas and
sparsely in the north-western, southern, and north-eastern parts. In the years 2020s and 2050s the
annual ETc has high values in the centre, east, and south-west of the Grand Est region, while lower
values were identified in few locations, where the major built up area was located (Supplementary
material 6¢ and e).

The annual AETc ranges during the 1990s from 92 mm to 650 mm (Supplementary material 6b)
showing high values (above 600 mm) in the central and south-eastern parts of the region. The lower
values (below 300 mm) spread in the western, northern, and north-eastern, but also in the central
parts of the Grand Est region, where the artificial areas extend. During the 2020s and 2050s periods,
the annual AETc indicates values between 101 mm and 738 mm (2020s), 136 mm and 723 mm
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(2050s), respectively. The high values occupy more territory in the future periods than for the past
period showing high values in central, south-eastern, south-central, and north-western parts
(Supplementary material 6d and f). The lower values could be found in few of the southern,
western, central, and eastern parts of the Grand Est region.

Water availability variation for 1990s period in the Grand Est region is shown in Figure 5b. The
values range from 123 mm to 1973 mm indicating high values (above 1000 mm) in the south-
central, south-eastern, and north-western areas. Thus, the Vosges Mountains represent the extended
area with high water availability in the Grand Est region. The lower values (below 300 mm) of

Q)Nater availability were depicted in the western, eastern, and north-eastern parts of the region,
mainly in the Marne Valley, Aube Valley, and Rhine Valley. Low values of water availability could
be found also in the north-central and south-western parts of the study area. The results of the future

O'nodels show a large territory with lower water availability (below 200 mm) than in the past period.
Figures 5d and f illustrate the water availability for the 2020s and 2050s. The most affected lands

[ ﬁare Rhine, Marne and Aube Valleys, which spread out in the western and eastern parts of the region.

;l 4.4. Variation of effective precipitation

The effective precipitation in the Grand Est region ranges from 12 mm to 637 mm (1990s)
indicating high values in the Bas Rhin and Ardennes provinces of the region (Figure 6a). The lower

alues (below 100 mm) could be found in the most part of the territory, except the Vosges
Mountains and Rhine Valley, but also in several locations from the west, centre, south-centre, and
north-west of the Grand Est region. In the future, decrease in the effective precipitation values is
xpected in the study area. Thus, values which range from 10 mm to about 600 mm will be
experienced in the Grand Est region during the 2020s and 2050s, with significant changes at spatial

Q)scale mainly in the central and north-central parts (Figure 6b and c). In these areas, lower values
(below 100 mm) were identified. The west and east are facing less effective precipitation, while the

Hosges Mountains record lower values of the effective precipitation (below 100 mm). In the
ountainous areas, effective precipitation ranges from 100 mm to 200 mm, while few territories

north and north-west appear with high effective precipitation values (over 600 mm). On the

one hand, the compacted rocks with low permeability (shales, plutonic rocks) and low PIC (about

Q)O.l) influence these results in the mountains areas. Moreover, Vosges and Ardennes Mountains
were classified as non-aquiferous rocks (BGR and UNESCO, 2013). On the other hand, in the areas

uNith high PIC (above 0.8), the aquifers composed by gravels and sands are affected by climate
change due to low values of water availability. The formations that represent highly productive

anuifers (calcarenites and sands, chalkstones, limestone, conglomerates, sands, and gravels)
experience low effective precipitation due to decrease in water availability.

4.5. Climate change effect on groundwater recharge

Over the past period (1990s), the climate change effect on groundwater recharge is higher in the
western, north-central, north-eastern, and eastern parts of the Grand Est region (Figure 7a). Current
(2020s) and future (2050s) periods experience appropriate pattern of the high effect and, in addition,
very high effects were identified in the western and eastern parts. The territories of Marne, Haut
Rhin, and Bas Rhin provinces are the most affected by climate change (Figure 7b and c). The
medium effect of climate spreads in the central, south-central and north-western parts of the Grand
Est region (1990s). Low and very low effects of climate change on groundwater recharge were
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found in the northern, north-western, south-central, and south-eastern parts of the region. These
areas overlap the Vosges Mountains, Ardennes, and the high lands of Haute Marne, VVosges, and
South of Haut Rhine provinces. The western and eastern parts, but also the north-central part of the

Grand Est region, experience greater effect of climate change during the 2020s and 2050s.
Analysing the hydrogeological system of the Grand Est region, the findings reflect the effect of
climate change on both the external agents (temperature, precipitation, orography, and land cover)
and the internal factor (geology). The main concern regarding the climate change and groundwater
resources in the study area indicates that the geology of the study area plays an important role in the
Q)groundwater recharge. In addition, through the De Martonne Aridity Index, the aridity variation at
spatial scale suggests that the Grand Est region is susceptible to aridization over the current century.
ﬁThese findings, combined with the effective precipitation, contribute to clear understanding of the
Uwydrology of the area. Moreover, the De Martonne Aridity Index shows a switch of the climate
class from very humid to humid in the provinces of Mouse, Moselle, and the northern part of
[ ﬁMeurthe et Moeselle. Because of this, these territories may record less water availability and long

Hraught periods during the summer season.

HS. Discussion

The goal of the present work is to assess the climate change effect on effective precipitation in
the Grand Est region using a spatial-temporal method. Considering the 30 years climate data models
over 1961-2070, the territory of the studied region experiences the high pressure of the climate
change. The western, north-central, north-eastern, and eastern parts of the Grand Est region faced

@he high effect of climate on groundwater recharge during the 1990s (Figure 7a) and the future

period of the 2020s and 2050s appears to be under much negative influence of climate change.

hus, the results indicate lands with very high impact of climate change on groundwater in the

Rhine Valley (Figure 7b) during the 2020s and an increase of the impact is obviously observed for

che 2050s in the western and eastern parts (Figure 6c), in the Rhine Valley especially in Bas Rhine

nd Haut Rhine provinces and Marne province. These findings are mainly in direct relation with the
Qease of mean annual temperature in the region, influencing the annual ETo.

As consequences, these climate outcomes combining with the high values of the annual Kc
(around 1.01-1.42) in the western and eastern parts contribute to the higher annual ETc. Arable
lands and forestry areas contribute much to the annual ETc and AETc increase. The annual AETc

uncludes the precipitation pattern and our results are closer to the real situation of
evapotranspiration. For instance, even if the Vosges Mountains territory has a lower annual

Oﬁemperature and lower annual ETo than other parts of the Grand Est region, the higher values of
annual precipitation induce the high values of AETc in this part of the region. However, the
mountainous lands of the region indicate a reduced area with high values of effective precipitation
(above 1000 mm).

Our findings concur with other results from other regions using an appropriate methodology.
After applying the same procedure, Nistor and Mindrescu (2017) found the annual ETc values of
1147 mm, 1100 mm, and 1084 mm during the 1990s, 2020s, and 2050s in the Emilia-Romagna
region from Italy. Nistor and Mindrescu (2017) calculated the AETc values of 817 mm, 762 mm,
and 751 mm and the water availability values of 1973 mm, 1989 mm, and 1810 mm during the
1990s, 2020s, and 2050s for the same region. Cheval et al. (2017) indicate values up to 165 of the
De Martonne Aridity Index in South-Eastern Europe for the 1961-2050 period. The results achieved
in this paper and other studies are very close, the differences are mainly due to the geographical
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position of other regions and climatic database used by other authors. The presented methodology
has high reliability on climatic and hydrological studies at regional scale, for long-term period.
Through this method, the preliminary assessment of climate effect on effective precipitation could
be carried out and further investigations by in-situ monitoring may complement the survey at local
scale. However, using the NISTOR-CEGW approach, the main territories affected by climate
change over the mid-century in the Grand Est region were identified including also the terrain data,
geology of the area, and aquifer productivity maps.

The maps of annual ETc, AETc, and effective precipitation are influenced by the land cover
Q))attern. The future scenario for 2040 does not present a detailed list of some land classes, e.g. forest
and urban areas. Thus, the differences between broad-leaved forest and coniferous forest, but also
ﬁbetween many artificial areas were not included for Hercules models. We chose a value of 0.26 for
Obuilt up areas in 2040, which meant an average of all artificial areas presented in the CLC 2000 and
2012, so the results of future period were not much influenced by the annual Kc rather than by

° ﬁfuture climatic conditions. These inconveniences may influence the results to a minimal extent.

;l 6. Conclusions

The climate change effect on groundwater recharge in Grand Est region was assessed through
the adapted NISTOR-CEGW method. High-resolution climate models, aquifers, terrain morphology
and land cover data served for the analysis during the 1990s, 2020, and 2050s. In order to estimate
the climate change effect, the De Martonne Aridity Index and effective precipitation were
calculated at spatial scale and inserted into the 5 x 5 matrix. The output of matrix inference

ﬁlndicates five effect classes. During the 1990s, the findings show high effect of climate on

groundwater recharge in major part of the region. Moreover, during the 2020s and 2050s, the very

Uigh effect was identified in the western and eastern parts of the Grand Est region. The low and

very low impact of climate change on groundwater resources overlap with the highlands of the

HVosges Mountains and the Ardennes Mountains, but these areas experience less territory with low

and very low effect during the 2020s and 2050s. The medium effect was identified much in the
@th-eastern and south-central parts of the region.

In the territories composed by karstified limestones, gravel and sands, which are highly

roductive aquifers, the climate change has high impact during all three periods. In addition, the

usage of arable land in these problematic areas contributes to the negative effect on groundwater

nd surface water resources in the Grand Est region. For the current century, more irrigation

systems and a good water management plan could improve the quality of the environment and

< >water resources.

The adaptation of the NISTOR-CEGW method indicates a good performance at regional scale of
the Grand Est territory. The results are in line with the published literature, which suggests that the
methodology was applied correctly. Moreover, we present a regional study that focuses on the long-
term period and the findings may indicate future perspectives for scientists in climatology,
hydrogeology, and environmental fields. For a better functionality and management of the Grand
Est region, our maps and results represent important tools mainly for the regional administration
and policymakers. Under the recent climate change, the groundwater resources in the Grand Est
region require more attention and adequate action plans should be considered.
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l )Figure captions

; ‘Figure 1. Location of the Grand Est region in France and physical map of the region.

Figure 2. Potential infiltration map of the Grand Est region. Note: Potential infiltration map was
calculated as ratio of potential infiltration coefficient and normalization slope layer (radian
degrees).

Figure 3. Inference matrix used to assess climate change effects on groundwater resources in the
@Grand Est region.

Figure 4. Spatial distribution of mean annual air temperature (TT), annual precipitation (PP), and
Q)reference evapotranspiration (ETo) in the Grand Est region. (a) TT in 1990s. (b) TT in 2020s. (c)
QTT in 2050s. (d) PP in 1990s. (e) PP in 2020s. (f) PP in 2050s. (g) ETo in 1990s. (h) ETo in 2020s.

(i) ETo in 2050s.
Qure 5. Spatial distribution of the De Martonne Aridity Index and water availability in the Grand
Q)Est region. (a) De Martonne Aridity Index in 1990s. (b) Water availability in 1990s. (c) De
Martonne Aridity Index in 2020s. (d) Water availability in 2020s. () De Martonne Aridity Index in
2050s. (f) Water availability in 2050s.

Figure 6. Spatial distribution of effective precipitation in the Grand Est region for different periods:
< )(a). 1990s, (b). 2020s, and (c). 2050s.

Figure 7. Climate change effect on groundwater recharge in the Grand Est region. (a). 1990s, (b).
2020s, and (c). 2050s.
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Table 1. Climatic classification of the De Martonne Aridity Index.

Climate types

De Martonne Aridity Index

Precipitation (mm)

Extremely humid
Very humid

Humid
Semi-humid
Mediterranean

C

Semi-dry

]

Dry

>55
35<IDM <55

28<IDM < 35
24<IDM < 28
20<IDM <24

10 <IDM <20
<10

P > 800

700 <P <800

600 <P <700
50<P< 600
400 <P <500

200 <P <400
P <200

Accepted Artic

This article is protected by copyright. All rights reserved



CLC code
2012
111
112
121
122
123
124
131
132
133
141
142
211
212
213
221
222
223
231
241
242

243

244
311
312
313
321
322
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Table 2. Corine Land Cover classes and annual Kc for present in Grand Est region.

Corine Land Cover

CLC Description

Continous urban fabric

Discontinuous urban fabric

Industrial or commercial units

Road and rail networks and associated land
Port areas

Airports

Mineral extraction sites

Dump sites

Construction sites

Green urban areas

Sport and leisure facilities

Non-irrigated arable land

Permanently irrigated land

Rice fields

Vineyards

Fruit trees and berry plantations

Olive groves

Pastures

Annual crops associated with permanent crops
Complex cultivation patterns

Land principally occupied by agriculture, with significant areas of natural
vegetation

Agro-forestry areas

Broad-leaved forest

Coniferous forest

Mixed forest

Natural grasslands

Moors and heathland

This article is protected by copyright. All rights reserved

Kc annual

Ks

Ku
0.3
0.2
0.3
0.3
0.4
0.3
0.3
0.3
0.3
0.2
0.2

Kw

Kclc
0.29
0.21
0.3
0.25
0.39
0.3
0.26
0.26
0.26
0.21
0.21
1.14
1.25
0.94
0.5
0.68
0.66
0.7
0.67
1.16

0.92
0.92
1.42

1.33
0.97
0.92



323
324
331
332
333
334
335
411
412
421
422
423
511
512
521
522
523
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Sclerophyllous vegetation
Transitional woodland-shrub
Beaches, dunes, sands

Bare rocks

Sparsely vegetated areas
Burnt area

Glaciers and perpetual snow
Inland marshes

Peat bogs

Salt marshes

Salines

Intertidal flats

Water courses

Water bodies

Coastal lagoons

Estuaries

Sea and ocean

This article is protected by copyright. All rights reserved

0.51
0.45
0.37
0.32
0.64
0.63
0.64
0.68
0.62
0.74

0.62
0.83
0.23
0.15
0.48
0.1
0.51
0.45
0.37
0.32
0.1
0.64
0.63
0.64
0.68
0.62
0.74

Kc - crop coefficient for plants, Ks - evaporation coefficient for bare soils, Ku - crop coefficient for urban areas, Kw -
evaporation coefficient for open water, Kclc - crop coefficient for land cover. Source: From Allen et al. (1998); Nistor
and Mindrescu (2017), Nistor (2018)



Table 3. Corine Land Cover classes and annual Kc for future scenarios in Grand Est region.

cle

Corine Land Cover Kc

CLC

CLZ%fg de projection CLC Description Kc Ks Ku Kw Kclc
oy code

{_) 133 0 Built-up area - - 026 - 026

211 1 Arable land (non-irrigated) 1.14 - - - 114

;—1 231 2 Pasture 07 - - - 07

391 and Natural and semi-natural vegetati_on (including Natural
394 3 grasslands, scrublands: regenerating forest below 2 m,and 0.9 - - - 0.9
small forest patches within agricultural landscapes)

411 4 Inland wetlands - - - 045 045

335 5 Glaciers and snow - - - 051 051

212 6 Irrigated arable land 125 - - - 125

Recently abandoned arable land (i.e. “long fallow”;

321 7 includes very extensive farmland not reported in 097 - - - 097
agricultural statistics, herbaceous vegetation, grasses and
shrubs below 30 cm)

pted

241 8 Permanent crops 0.67 - - - 0.67
313 10 Forest 133 - - - 133
333 11 Sparsely vegetated areas 048 - - - 048
q) 331 12 Beaches, dunes and sands - 023 - - 023
422 13 Salines - 0.1 - - 0.1
423 and
O 591 14 Water and coastal flats - - - 0.66 0.66
c ) 322 15 Heathland and moorlands 092 - - - 092
931 and Recently abandoned pasture Ian_d (includes very extensive
16 pasture land not reported in agricultural statistics, grasses  0.76 - - - 076
324
and shrubs below 30cm)
< Kc - crop coefficient for plants, Ks - evaporation coefficient for bare soils, Ku - crop coefficient for urban areas, Kw -
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evaporation coefficient for open water, Kclc - crop coefficient for land cover. Source: From Allen et al. (1998);
Nistor and Mindrescu (2017), Nistor (2018).
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