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Abstract: This study presents the projected future evolution of water resource balance and nitrate
pollution under various climate change scenarios and climatic models using a holistic approach.
The study area is Almyros Basin and its aquifer system, located in Central Greece, Thessaly, Greece.
Almyros Basin is a coastal agricultural basin and faces the exacerbation of water deficit and ground-
water nitrate pollution. Using an Integrated Modeling System (IMS), which consists of the surface
hydrology model (UTHBAL), the nitrate leachate model (REPIC, an R-ArcGIS-based EPIC model), the
groundwater hydrology model (MODFLOW), and the nitrates’ advection, dispersion, and transport
model (MT3MDS), the projected values of the variables of water quantity and quality are simulated.
Nineteen climatic models from the Med-CORDEX database were bias-corrected with the Quantile
Empirical Mapping method and employed to capture the variability in the simulated surface and
groundwater water balance and nitrate dynamics. The findings indicate that future precipitation,
runoff, and groundwater recharge will decrease while temperature and potential evapotranspiration
will increase. Climate change will lead to reduced nitrogen leaching, lower groundwater levels, and
persistent nitrate pollution; however, it will be accompanied by high variability and uncertainty, as
simulations of IMS under multiple climatic models indicate.

Keywords: climate change; Med-CORDEX; Quantile Empirical Mapping; groundwater; nitrate
leaching; nitrate pollution; water resources

1. Introduction

Rising nitrate levels in aquifers are a long-term concern worldwide, particularly in
aquifers underneath predominantly agricultural areas [1]. The prolonged and intensive fer-
tilizing treatments employed to attain crop-yield amplification tend to serve as the primary
cause of groundwater nitrate pollution [2,3]. The main factor in the development of nitrate
pollution in groundwater, especially heterogeneous confined aquifers with exceptionally
low recharge rates, is a gradual accumulation of nitrates, which may rise to concentrations
that are hazardous to the reliability of urban water supplies [4,5]. According to an impor-
tant investigation to avoid neonatal methemoglobinemia, the World Health Organization,
or WHO, announced a short-term restriction of 50 mg/L for the consumption of water,
which the European Union likewise advocated [6]. Regulations in Greece and abroad have
set an upper threshold of 50 mg/L, although prolonged water consumption with smaller
nitrate concentrations (over 25 mg/L) is a cause for worry [7]. After evaluating the present
level of nitrate water pollution in the European Union (EU), the European Commission
concluded that further work is required to accomplish the zero-pollution target [8]. Across
the Member States from 2016 to 2019, 14.1% of groundwater systems rose above the nitrates
concentration upper threshold imposed for drinking water (50 mg/L), and 81% of sea
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waters, 31% of coastal waters, 36% of rivers, and 32% of wetlands in the EU are eutrophic.
The Commission aims to enhance adherence to the Nitrates Directive as a crucial step
toward achieving the European Green Deal’s objective of reducing nutrient losses by a
minimum of 50% by 2030 and accomplishing the goal of having all water bodies in good
quantity and quality by 2027 [8–12].

However, surface runoff and groundwater recharge rates are expected to reduce under
climate change, causing a decrease in the dilution of substances and nutrients, particularly
in the Mediterranean regions [13,14]. The impacts of climate change on nitrogen leaching
and groundwater nitrate pollution depend on the future patterns of precipitation and
temperature. The amount of nitrogen losses to groundwater is not easily defined, but the
IPCC uses a 30% nitrogen leaching emission factor for future estimates [15]. Olesen et al.
(2019) [16] found that climate change will have significant effects on nitrogen leaching,
while Reichenau et al. (2016) [17] argued that there will be no significant changes. Villa et al.
(2022) [18] emphasize the importance of high–resolution climate input data for estimating
nitrogen leaching under climate change scenarios, while Davamani et al. (2024) suggest that
improved simulation models can capture local changes [19]. The impact of climate change
on water resources, including nitrogen leaching and nitrate concentrations in groundwater,
is still uncertain and requires further research [1,16,20,21].

The uncertain future can be represented via scenarios, the Representative Concentra-
tions Pathways (RCPs) of greenhouse gas emissions, and the radiative forcing in Watt/m2

on Earth’s surface [22]. For example, the climate change scenario RCP8.5 is considered the
“reference scenario” without any mitigation or adaptation actions. It represents adverse im-
pacts with radiation absorption of 8.5 W/m2 and global temperature increases of 2.6–4.8 ◦C
by 2100. RCP4.5 represents medium impacts with radiation absorption of 4.5 W/m2 and
a rise in global temperatures of 2–3 ◦C by 2100 [22]. The projected precipitation and tem-
perature are simulated using coarse-scaled climatic models (Global Circulation Models)
and nested Regional Circulation Models (RCMs) under different forcing emissions [23].
Climatic variables from different climate scenarios and climatic models with different
initial conditions of simulated climate and different spatial resolutions produce great vari-
ability and uncertainty, which is reflected in the simulated projections of the water and
nitrogen cycle variables [24,25]. The variability of the simulated variables among climatic
models is smaller than the variability among climatic scenarios [26]. A holistic approach
can enhance predictive models for water and nitrogen cycles and inform stakeholders
about water system status to facilitate appropriate actions and rational expectations of
the results. To tackle freshwater pollution and maintain the quality and quantity of these
natural resources, a holistic approach is necessary, considering the relationships between
surface water, groundwater, and agricultural water demands [19,27–29].

Groundwater is the main source of water in Greece, accounting for nearly 70% of the
country’s water resources. The rural sector uses 74% of the groundwater. The Water District
of Thessaly, including the Almyros Basin, is confronting challenges with water scarcity and
nitrate pollution [30]. This study investigates the water resources, mainly the groundwater
resources, and the nitrate leaching and aquifer pollution under two climatic scenarios,
RCP8.5 and RCP4.5, with the projected climate from nineteen (19) climatic models of the
Med-CORDEX database. The study aims to define the ranges and patterns of hydrological
cycle and groundwater nitrogen pollution in the coastal Almyros Basin and Almyros aquifer
system in Greece under adverse and medium climatic impacts. It highlights the complexity
and uncertainties associated with climate projections and emphasizes the need for multiple
models in assessments. The assessment utilized an Integrated Modeling System designed
for rural coastal watersheds that has been calibrated and validated in an earlier study
by Lyra et al. (2021) [31]. This system includes interconnected models for surface water
hydrology, nitrate leaching/agronomic modeling, and ground-water modeling. These
models effectively simulate groundwater flow and the behavior of contaminants such as
nitrates and chlorides.
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2. Materials and Methods
2.1. Study Area

Almyros Basin is the most important system of water resources with intensive irriga-
tion activity in coastal Thessaly, and, according to the Thessaly Basin Management Plan, it
is in poor condition due to quantitative and qualitative degradation. This degradation is a
result of various factors, such as the lack of proper water resource management, the absence
of an organized irrigation network, increased groundwater pumping, cultivation of water-
demanding crops, and excessive use of fertilizers. Since there are no significant surface
water resources, the area relies heavily on groundwater pumping, which has caused signifi-
cant problems for the Almyros aquifer system in terms of quantity and quality [31]. The
Almyros Basin is the only coastal plateau of Thessaly and includes six watersheds—Kazani,
Lahanorema, Holorema, Xirias, Platanorema, and Xirorema [31]. The total area of the
Almyros Basin is about 856 km2, which is located 32 km2 in the Kazani, 141 km2 in the
Lahanorema, 192 km2 in the Holorema, 216 km2 in the Xirias, 96 km2 in the Platanorema,
and 173 km2 in Xirorema. Typical semi-arid Mediterranean climatic conditions prevail,
where air temperature and relative humidity significantly fluctuate throughout the year.
In the summer, usually, elevated temperatures and low relative humidity prevail, while,
in winter, the temperature is low and relative humidity is high. In autumn and winter,
precipitation occurs more frequently, with higher levels in mountainous areas. The climate
varies based on elevation, with warm and semi-arid conditions up to 500 m, warm and
wet between 700 m and 900 m, and cold and wet at higher elevations. The average annual
temperature is about 15 ◦C, and on average, there is about 570 mm of precipitation. The
low-lying areas have a thriving agricultural sector, which drives the region’s economy.
Covering an area of 293 km2, the Almyros groundwater system lies in the coastal and
lowest region of the watershed, as displayed in Figure 1.

Figure 1. Map of the Almyros Basin, its watersheds, and the Almyros aquifer system.

2.1.1. Geology and Hydrogeology

A characteristic of the Almyros basin is the relative sinking of the eastern part of the
basin concerning the west due to geotectonic actions [31]. Quaternary river deposits cover
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a large part of the Almyros basin placed upon geological layers with primary porous flow.
The neogenic formations cover smaller areas while located in the central and north of the
Lahanorema and Holorema and even smaller areas in the Xiria and Xirorema watersheds.
The aquifer is in direct contact with the sea along its coastal boundary. The hydrogeological
formations of the Almyros aquifer are illustrated in Figure 2a.

Figure 2. (a) Map of the Almyros aquifer hydrogeological formations at different elevated horizontal
sections. (b) Map of the averaged hydraulic heads as simulated using the Integrated Modeling System
and the averaged observed nitrate concentrations at well locations for the observed period 1991–2018.

2.1.2. Hydraulic Heads and Nitrate Concentrations

Climate change is expected to reduce the availability and quality of surface water as
well as groundwater. Nitrate leaching concentrations depend on the amounts of applied
water for irrigation. Hydraulic conductivity and aquifer layer directions and inclinations
have an impact on the length of time that nitrates persist in groundwater. Water table
fluctuations are contingent upon factors such as the area covered by irrigation, the volume
of groundwater taken out for irrigation, and the groundwater horizons’ hydraulic conduc-
tivity [23]. The groundwater hydraulic heads of the aquifer system have a downward trend,
especially in the lowlands and the northern coastal areas, where the water levels drop below
the Mean Sea Level. The southern area also exhibits a lowering of more than 10 m during
the observed period from 1991 to 2018. The aquifer system is recharged by approximately
19 hm3/y, and the groundwater abstractions are estimated at approximately 29 hm3/y,
resulting in a deficient water budget of approximately 12 hm3/y [31]. The groundwater
abstractions are used mostly for agricultural irrigation water use, although there are a few
wells used for drinking water supply, many of them located in the nitrate polluted areas.
Excesses of nitrate concentrations (NO3

−) are found in areas located in the central and
southern aquifer, but also in the coastal area (Figure 2b). High nitrate concentrations are
usually observed in areas with clayish geological materials.

2.2. Integrated Modeling System (IMS) and Source Information

An Integrated Modeling System has been used to simulate both groundwater and
surface water resources of the Almyros Basin. The Integrated Modeling System is com-
posed of interlinked mathematical models of surface hydrology (UTHBAL) [32], aquifer
system’s hydrology (MODFLOW) [33], nitrogen leaching processes (REPIC) [23,31], and
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groundwater nitrates mobility with advection and dispersion (MT3DMS) [34]. To com-
pute watershed flows and groundwater recharge, the UTHBAL model integrates areal
temperature, precipitation, and potential evapotranspiration using monthly sequences. The
Thornthwaite method has been utilized to assess potential evapotranspiration [35] based
on the geographical latitude of the studied area, as shown in Equation (1).

Ep = 16 ·
(

10·ti
J

)α

· µ·N
360

(1)

where Ep is the potential evapotranspiration in mm/month, ti is the mean monthly temper-
ature in ◦C, µ is the number of days, N is the average astronomical duration of a day, J is
an annual index related to temperature, and α is an empirical parameter that depends on
the index J ( α = 0.016·J + 0.5).

The model can be used in diverse ways (lumped, semi-distributed, or fully distributed)
depending on the available data. It has six calibrated/estimated parameters. In partic-
ular, from October 1961 to September 2018, the study employs the UTHBAL model as a
semi-distributed model to simulate surface hydrological procedures within the six Almyros
sub-basins. The parameters include the monthly melt rate factor (Cm = 6 mm/◦C), the
coefficient of actual evapotranspiration (α = 0.48), the coefficient of interflow (β = 0.033),
the coefficient of baseflow (γ = 0.033), the coefficient of groundwater recharge (K = 0.68).
The values of these parameters were taken from the regionalized application of UTHBAL
in Thessaly since there are no runoff/streamflow measurements in the Almyros Basin that
could be used for the model calibration. The weighted average Curve Number of the US
Soil Conservation Service is estimated using Land Cover/Land Use and soil data for each
sub-basin (e.g., CNKazani = 67.93, CNLahanorema = 68.11, CNHolorema = 68.47, CNXirias = 60.69,
CNPlatanorema = 51.07, and CNXirorema = 53.84) [31]. Groundwater recharge is enriched with
the weighted average irrigation return flow of the different crops for watersheds. The
MODFLOW model’s influxes are defined as irrigation return flow, recharge of groundwater,
a net monthly rise of sea level -advanced at the start of the hydrological season in Greece
(October), and shoreline conductance, while water outfluxes are established on a monthly
timestep structure according to rural, urban, and other water needs. The model utilizes a
one-layer rectangular grid of 200 rows and 200 columns, each cell measuring approximately
150 m × 150 m. Unconfined aquifer simulation is implemented using the Layer Property
Flow package. In the western part, a No-Flow Boundary condition was applied due to the
impervious nature of adjacent geological formations, and in the eastern part, a Transient
Head Boundary was used for the rising sea level. Hydraulic conductivity was simulated in
zones based on hydrogeological characteristics, with values ranging from 0.1–18.7 m/day.
By adjusting the amount of nutrients and irrigated water per basin and crop category,
the REPIC model simulates agronomic procedures. The REPIC model is a spatially dis-
tributed framework for assessing nitrate leaching and crop growth. It is an advancement
of the Environmental Policy Integrated Climate (EPIC) model and developed using the
R programming language via the R-ArcGIS Bridge in ArcGIS 10+/Pro [23,31]. Land use,
climate, agricultural schemes, and other parameters are among the input data. Each grid
cell in REPIC represents a specific crop type, and the model incorporates the groundwater
recharge from the UTHBAL surface hydrology model to estimate nitrate leaching in mg/L.
The model is divided into rectangular cells, approximately 300 m × 300 m in size. Notably,
each REPIC cell corresponds to four MT3DMS cells. Crop yield and nitrate leakage are
examples of REPIC results. The MT3DMS simulation uses the former as input data and
simulates the movement of nitrates in the aquifer system. It typically relies on a pre-solved
groundwater flow problem provided using MODFLOW. MT3DMS is compatible with any
finite difference model, like MODFLOW. This compatibility is established on the condition
that concentration variations over space and time minimally affect the regional water
flow pattern and that both codes share a consistent structure of the aquifer model. The
longitudinal dispersivity values for the studied aquifer range from 0.07 to 30 m [31].
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Most of the Integrated Modeling System modules were calibrated and validated in
the study of Lyra et al. in 2021 [31], except for the UTHBAL model due to a lack of
surface runoff/streamflow data. The MODFLOW model showed high performance in
calibration (1991–2009) and validation (2013–2015), with Nash-Sutcliffe Efficiency (NSE),
R2, and Index of Agreement (IA) values of 0.975, 0.981, and 0.993, respectively. MODFLOW
maintained its high performance in the validation phase, with increased NSE, R2, and IA
scores of 0.997, 0.997, and 0.999, respectively. Similarly, the REPIC model demonstrated
high accuracy in calibration (2007–2012), with NSE, R2, and IA scores of 0.98, 0.99, and
0.99, respectively. REPIC also upheld its effectiveness in the subsequent validation period
(2013–2018), with scores of 0.92, 0.96, and 0.99 for NSE, R2, and IA, respectively. The
MT3DMS model showed robust performance in calibration (1992–2004), with NSE, R2,
and IA values of 0.80, 0.87, and 0.95, respectively. Its validation (2013–2015) for NO3
concentrations maintained substantial accuracy, with scores of 0.82, 0.96, and 0.95 for NSE,
R2, and IA, respectively. These results emphasize the reliability and consistency of the
IMS models across distinct temporal phases and observed variables. The study completed
by Lyra et al. in 2021 [31] involved extensive pre-processing, verification, and usage of
observational data collected over many years of surveillance for the Almyros Basin and
its aquifer system. The main goal was to validate and calibrate the Integrated Modeling
System’s modules. The climate data (precipitation and temperature) for the region was
collected from six meteorological stations within and outside the basin, including data from
various sources such as the Hellenic Meteorological Service and private meteorological
stations. The locations of the stations are depicted in Figure 1. These data were processed
to serve as input for the simulations using the REPIC and UTHBAL models, respectively.
The monthly precipitation was estimated using the Thiessen polygon method with the
gradient method at watershed centroids. The monthly temperature was estimated using
the gradient method at watershed centroids. The Greek Payment Authority provided
spatial datasets of arable land and crop yields. Soil hydraulic properties databases from the
European Soil Data Centre were also included [36]. The Hellenic Survey of Geology and
Mineral Exploration, Magnesia Prefecture, and Regional Government of Thessaly provided
field measurements of water levels, nitrates, and chlorides in groundwater. Former studies
also added new measurements of nitrate and chloride contents in the Almyros aquifer [31].
Borehole point data was used to identify water pumping installations [37]. In order to
model the Almyros water system accurately in the context of climate change, datasets for
future temperature, precipitation, and sea level changes were needed for this work. Based
on satellite data [38], the mean sea level rise is estimated to be 0.05 m from 1991 to 2018. The
Almyros coastline sees a linear trend of 3.6 mm/y during this time. The projected sea level
rise for the period from 2081–2100 concerning RCP8.5 and RCP4.5 scenarios, respectively,
is projected to be a net rise of 0.3 m and 0.6 m, respectively. This translates to a rate of
6.3 mm/y along the coastline of Almyros Basin. The source data and information needed
for the Integrated Modeling System are summarized in Table 1.

Table 1. Source Information used in the study.

Variable Data Precision Time Step Time Span Source Acquiring
Method

Climate
(Precipitation,
Temperature)

Point Station
Monthly,

daily 1961–2018
Hellenic Meteorological Service (EMY)

RequestMinistry of Environment and Energy
Private meteorological stations

Land Use Field Annual
Greek Payment Authority of Common

Agricultural Policy (C.A.P.) Aid Schemes
(OPEKEPE)

Request

Crop Yields Crop Type Annual Public

Corine Land Cover
Min. Mapping

Unit/Width
25 ha/100 m

6 years 1990–2018 Copernicus Land Monitoring Service
European Environment Agency Public

Soil Hydraulic
Properties

Raster 1 km × 1 km 2013 – European Soil Data Centre (ESDAC) Request Form
Raster 500 m × 500 m 2015
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Table 1. Cont.

Variable Data Precision Time Step Time Span Source Acquiring
Method

Clay, Sand, Silt,
and Coarse

Material
Point 2015 – OPEKEPE and the National Agricultural

Research Foundation (NAGREF) Request

Groundwater
Heads and NO3
Concentrations

Point Daily 1991–2015

Hellenic Survey of Geology and Mineral
Exploration (HSGME) Request

Regional Government of Thessaly Request
Magnesia Prefecture Request

Former Studies Literature

Borehole Point – 1991–2015
Abstraction Points from Surface and

Underground Water Bodies Digitization

Former Studies Literature

Sea Level Gridded – 1991–2018 Copernicus Climate Change Service Register

Climate Models
(Precipitation,
Temperature)

11 and 44 degrees Monthly 1970–2100 Mediterranean Coordinated Regional
Downscaling Experiment (Med-CORDEX)

Request
Form/for

research only

2.3. Quantile Empirical Mapping

Climate change scenarios are studied with the help of global and regional circulation
models, which simulate the future climate to 2100. The results of climate models’ simula-
tions used for the precipitation and temperature came from the Mediterranean Coordinated
Regional Downscaling Experiment (Med-CORDEX). The results of the Med-CORDEX pro-
gram are the free outputs/results of simulations of historical and future climate simulations.
GCM/RCM’s precipitation and temperature feature empirical distributions (ECDFs), just
as the observed precipitation and temperature [23].

The empirical CDF probability quantiles are estimated with the general estimation
rule [39], where xi is the ith increasing-ordered value, and N is the count of data. Quantile
Empirical Mapping modifies the distribution of GCM/RCM output to the distribution of
observed data by adapting the quantiles of the GCM/RCM distribution (see Supplementary
Materials). All statistical characteristics of the GCM/RCM’s distribution, such as the mean,
variation, median, wet days, etc., are bias-corrected along with the time-series values. The
Quantile Empirical Mapping method is performed by using Equation (2) for temperature
and precipitation, respectively, where F−1

t,observed is the inverse transfer function of the
observed CDF, FGCM/RCM is the climate model output.

yt, f ut = F−1
t,observed(FGCM/RCM(xt)) (2)

The method of Quantile Empirical Mapping has been applied to 19 climatic model
outputs of Med-CORDEX (Mediterranean Coordinated Regional Downscaling Experiment)
to correct the differences between their values and the variables that have been observed in
the study area. The method was applied for the adverse climate change impacts scenario,
RCP8.5, and the medium one, RCP4.5, on the centroids of the watersheds of the Almyros
basin [23]. The available climatic models for the study area are displayed in Table 2.

Table 2. Med-CORDEX GCM/RCM simulations used in the study.

Domain GCM Model/CMIP5 Ensemble RCM Model Climate Scenario

MED-11
CNRM-CM5_r8i1p1 1.CNRM-ALADIN52v1 RCP8.5-4.5
ICTP-RegCM4_r1i1p1 2.ICTP-RegCM4-3v1* RCP8.5

MED-44

CMCC-CM.r1i1p1 3.CMCC-CLM4-8-19.v1 RCP8.5-4.5
CNRM-CM5_r8i1p1 4.CNRM-ALADIN52.v1 RCP8.5-4.5
HadGEM2-ES.r1i1p1 5.ELU-RegCM4-3_v1 RCP8.5-4.5
HadGEM2-ES.r1i1p1 6.ICTP-RegCM4-3.v4* RCP4.5
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Table 2. Cont.

Domain GCM Model/CMIP5 Ensemble RCM Model Climate Scenario

MED-44

HadGEM2-ES.r1i1p1 7.ICTP-RegCM4-3.v7* RCP8.5
IPSL-CM5A-MR.r1i1p1 8.LMD-LMDZ4NEMOMED8.v1 RCP8.5-4.5
MPI-ESM-LR.r1i1p1 9.GUF-CCLM4-8-18.v1 RCP8.5-4.5
MPI-ESM-MR.r1i1p1 10.ICTP-RegCM4-3.v7* RCP8.5

MED-44i
CNRM-CM5.r1i1p1 11.ENEA_PROTHEUS.v2* RCP4.5
MPI-ESM-LR.r1i1p1 12.UNIBELGRADE-EBU.v1* RCP8.5
MPI-ESM-LR.r1i1p1 13.UNIBELGRADE-EBUPOM2c.v1* RCP8.5

Note: * Available only for one RCP.

2.4. Performance Evaluation and Classification

The performance of the Bias Correction method of Quantile Empirical Mapping
(QEM) of the climatic models has been evaluated against the observed climate of the
historical period, with statistical measures of efficiency. These measures are the coefficient
of determination (R2), Nash-Sutcliffe Efficiency (NSE), Index of Agreement (IA), Kling-
Gupta Efficiency (KGE) [40], and Volumetric Efficiency (VE) [41]. Their mathematical
formulas are shown in Equations (3)–(7). In Equation (3), SSres is the sum of the squares
of the residuals (that is, the deviations of the predicted value from the actual value), and
SStot is the total sum of the squares of the predicted values, reduced by the average value.
In Equations (4), (5), and (7), yi is the simulated value, and xi is the observed value. In
Equation (6), the term of the square root represents the Euclidean distance between the
observed and the simulated values, r is the Pearson correlation, α the variability of the
residuals as the ratio of the variance of the bias-corrected values to the variance of the
observed values (α = σy/σx), and β the mean bias fraction as the ratio of the average of
bias-corrected values to the average of the observed values (β = y/x).

R2 = 1 − SSres

SStot
[0, 1] (3)

NSE = 1 − ∑n
i=1(yi − xi)

2

∑n
i=1(xi − x)2 (−∞, 1] (4)

IA = 1 − ∑n
i=1(yi − xi)

2

∑n
i=1

(
|yi − x|+ |xi − x|)2

[0, 1] (5)

Kling–Gupta E f f iciency (KGE) = 1−
√
(r − 1)2 + (α − 1)2 + (β − 1)2 (−∞, 1] (6)

VE = 1 − ∑n
i=1|yi − xi|
∑n

i=1 xi
[0, 1] (7)

According to the scores of each statistical metric, the bias-corrected climatic models
are sorted in descending order of performance. Their relative order performance scores are
then aggregated, and according to the final cumulative value, the best-fitted models are
identified and evaluated for further study and application with the Integrated Modeling
System (IMS).

3. Results

The Integrated Modeling System created in the previous studies of Lyra et al. (2021) [31]
and Lyra and Loukas (2022) [23] has been used to simulate and project future climate change
scenarios for the Almyros basin in Thessaly, Greece, for both the adverse and medium
impacts (RCP8.5 and RCP4.5). The final results are displayed for individual climatic models
under two Representative Concentrations Pathways (8.5 and 4.5) for selected periods where
critical (significant) temporal variations of the study hydrologic variables (e.g., precipi-
tation, temperature, runoff, nitrate leaching, and other water balance components) are
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identified. Furthermore, special focus is given to crucial geographical areas pinpointed for
nitrate pollution, where nitrate concentrations exceed permissible (acceptable) limits.

3.1. Statistical Downscaling and Bias Correction with Quantile Empirical Mapping

The application of the Quantile Empirical Mapping (QEM) downscaling method
showed that the downscaled precipitation values are in agreement with the historical
observed precipitation values. Box-Whisker plots have been designed for the variables of
precipitation and temperature for each climatic Med-CORDEX scenario, namely RCP8.5
and RCP4.5. The box plots are depicted with distinct colors for each time period stud-
ied: 1991–2000, 2001–2018, 2019–2050, 2051–2080, and 2081–2100. Figure 3 illustrates
Box-Whisker plots for mean annual precipitation under the RCP8.5 scenario for each
bias-corrected climatic model with Quantile Empirical Mapping. The boxplots are de-
signed with notches to distinguish the statistical significance of the median values of the
studied time periods. When the ranges of the notches overlay, the median values are
not statistically different at the 5% significance level. Regarding the historical observed
periods 1971–2000 (calibration period) and 1991–2018 (validation period), there is a mi-
nor increase in the mean value of annual precipitation and, respectively, the notches
change. The notches’ ranges overlay, hence, they are not statistically different. The
inverted notch of the period 2001–2018 indicates the interquartile range of the time-
series (50% of the data) and a relative asymmetry of the spread of the timeseries of
the period towards the lower values, which means that there were more years of low
annual precipitation of this time period. Under RCP8.5, the results indicate that the
bias-corrected models 1.CNRM-ALADIN52v1 (MED-11), 2.ICTP-RegCM4-3v1*, 4.CNRM-
ALADIN52.v1 (MED-44), and 5.ELU-RegCM4-3_v1 underestimate the historical annual
precipitation, while the models 3.CMCC-CLM4-8-19.v1, 8.LMD-LMDZ4NEMOMED8.v1,
9.GUF-CCLM4-8-18.v1, 12.UNIBELGRADE-EBU.v1* overestimate more or less the an-
nual precipitation. The models that present good agreement with the historical mean
values are the 7.ICTP-RegCM4-3.v7* (HadGEM2), 10.ICTP-RegCM4-3.v7* (MPI-ESM-MR)
and 13.UNIBELGRADE-EBUPOM2c.v1*. Figure 4 illustrates Box-Whisker plots for mean
annual precipitation under the RCP4.5 scenario, for each bias-corrected climatic model
with Quantile Empirical Mapping. The results indicate that the bias-corrected models
1.CNRM-ALADIN52.v1 (MED-11), 4.CNRM-ALADIN52v1 (MED-44), 5.ELU-RegCM4-
3v1, 6.ICTP-RegCM4-3v4*, 11.ENEA-PROTHEUSv2* underestimate the historical annual
precipitation. The models 3.CMCC-CCLM4-8-19v1, and 8.LMD-LMDZ4NEMOMED8v1
overestimate the historical annual precipitation. The only model that accurately estimates
the historical annual precipitation is the 9.GUF-CCLM4-8-18v1. However, all bias-corrected
models present similar decreases in annual precipitation of the future periods 2019–2050,
2051–2080, and 2081–2100.

Figure 5 presents Box–Whisker plots for bias-corrected and downscaled mean an-
nual temperature under the RCP8.5 scenario. Regarding the historical observed periods
1971–2000 (calibration period) and 1991–2018 (validation period), there is a minor increase
in the mean value of annual temperature and, respectively, the notches change. The notches’
ranges do not overlay hence, the medians are statistically different. The notch of the period
1971–2000 indicates the interquartile range of the timeseries (50% of the data) and a relative
asymmetry of the spread of the timeseries of the period towards the lower values, which
means that there were more years of low annual temperature of this time period. On the
contrary, the symmetrical shape of the time period 2001–2018 indicates the increase in the
number of years with increased annual mean temperature. The results show for the calibra-
tion period that the bias-corrected climatic models 3.CMCC-CCLM4-8-19v1 and 9.GUF-
CCLM4-8-18v1 are in excellent agreement with the mean and variance of the historical
annual temperature timeseries. The bias-corrected climatic models 4.CNRM-ALADIN52v1,
10.ICTP-RegCM4-3.v7*(MPI-ESM-MR), and 13.UNIBELGRADE-EBUPOM2cv1* also show
a robust fit for mean annual temperature.
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Figure 3. Box–Whisker plots of Mean Annual Precipitation (mm) for the observed periods 1971–2000
and 2001–2018, and the Bias–corrected Med–CORDEX Models under RCP8.5 for the periods
1971–2000 and 2001–2018, 2019–2050, 2051–2080 and 2081–2100.

Figure 4. Box–Whisker plots of Mean Annual Precipitation (mm) for the observed periods 1971–2000
and 2001–2018, and the Bias–corrected Med–CORDEX Models under RCP4.5 for the periods
1971–2000 and 2001–2018, 2019–2050, 2051–2080 and 2081–2100.



Water 2024, 16, 465 11 of 30

Figure 5. Box–Whisker plots of Mean Annual Temperature in ◦C for the observed periods 1971–2000
and 2001–2018, and the Bias–corrected Med–CORDEX Models under RCP8.5 for the periods
1971–2000 and 2001–2018, 2019–2050, 2051–2080 and 2081–2100.

For RCP4.5, Figure 6 displays Box-Whisker plots for mean annual temperature, in-
dicating that the bias-corrected models 1.CNRM-ALADIN52v1, 3.CMCC-CCLM4-8-19v1,
4.CNRM-ALADIN52v1 and 9.GUF-CCLM4-8-18v1, again show good agreement with the
historical temperature time series. In general, there is a steady pattern of precipitation
trend in all bias-corrected climate models.

Figure 6. Box–Whisker plots of Mean Annual Temperature in ◦C for the observed periods 1971–2000
and 2001–2018, and the Bias–corrected Med–CORDEX Models under RCP4.5 for the periods
1971–2000 and 2001–2018, 2019–2050, 2051–2080 and 2081–2100.
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The performance of QEM model results is evaluated and compared below using the
employed statistical metrics. In Table 3, the performance of Quantile Empirical Mapping
on precipitation is displayed for each climatic model, based on which a relative additive
classification of the models has been made. The performance of bias-corrected precipitation,
as indicated by the evaluation metrics under the RCP4.5 and RCP8.5 scenarios, presents
an interesting perspective across different climatic models. Under the RCP8.5 scenario,
the 7.ICTP-RegCM4-3.v7* (HadGEM2), 13.UNIBELGRADE-EBUPOM2cv1*, and 2.ICTP-
RegCM4-3v1* models stand out with high R2 values, signifying a strong correlation with
observed precipitation data. According to this classification, the bias-corrected models
7.ICTP-RegCM4-3.v7 and 13.UNIBELGRADE-EBUPOM2c.v1 are tied.

Table 3. QEM performance scores using the employed statistical metrics and efficacy ranking order
(in parentheses) for monthly precipitation. (* Available only for one RCP).

Scenario Climatic Model R2 NSE IA KGE VE

RCP8.5
(8.5 W/m2,

CO2 1370 ppm)

1.CNRM-ALADIN52v1 (MED-11) 0.97 (11) 0.72 (10) 0.92 (9) 0.57 (8) 0.61 (9)
2.ICTP-RegCM4-3v1* 0.99 (2) 0.73 (8) 0.90 (10) 0.51 (10) 0.71 (8)
3.CMCC-CLM4-8-19.v1 0.99 (4) 0.91 (6) 0.97 (6) 0.71 (6) 0.79 (6)
4.CNRM-ALADIN52.v1 (MED-44) 0.97 (10) 0.64 (11) 0.90 (11) 0.50 (11) 0.57 (11)
5.ELU-RegCM4-3_v1 0.98 (8) 0.88 (7) 0.96 (7) 0.69 (7) 0.78 (7)
7.ICTP-RegCM4-3.v7* (HadGEM2) 0.99 (2) 0.96 (2) 0.99 (2) 0.81 (3) 0.87 (2)
8.LMD-LMDZ4NEMOMED8.v1 0.99 (5) 0.73 (9) 0.94 (8) 0.57 (9) 0.58 (10)
9.GUF-CCLM4-8-18.v1 0.99 (7) 0.95 (3) 0.98 (4) 0.82 (2) 0.83 (5)
10.ICTP-RegCM4-3.v7* (MPI-ESM-MR) 0.99 (1) 0.95 (4) 0.98 (5) 0.77 (5) 0.87 (3)
12.UNIBELGRADE-EBU.v1* 0.99 (6) 0.94 (5) 0.99 (3) 0.81 (4) 0.85 (4)
13.UNIBELGRADE-EBUPOM2c.v1* 0.98 (9) 0.97 (1) 0.99 (1) 0.91 (1) 0.90 (1)

RCP4.5
(4.5 W/m2,

CO2 650 ppm)

1.CNRM-ALADIN52v1 (MED-11) 0.98 (6) 0.75 (6) 0.93 (7) 0.58 (6) 0.64 (6)
3.CMCC-CLM4-8-19.v1 0.99 (2) 0.91 (3) 0.97 (3) 0.71 (3) 0.79 (4)
4.CNRM-ALADIN52.v1 (MED-44) 0.97 (7) 0.64 (8) 0.90 (8) 0.50 (8) 0.57 (8)
5.ELU-RegCM4-3_v1 0.98 (5) 0.88 (5) 0.96 (5) 0.69 (5) 0.78 (5)
6.ICTP-RegCM4-3.v4* 0.99 (1) 0.9 (4) 0.97 (4) 0.70 (4) 0.81 (3)
8.LMD-LMDZ4NEMOMED8.v1 0.99 (3) 0.73 (7) 0.94 (6) 0.57 (7) 0.58 (7)
9.GUF-CCLM4-8-18.v1 0.99 (4) 0.95 (1) 0.99 (1) 0.82 (1) 0.83 (1)
11.ENEA_PROTHEUS.v2* 0.96 (8) 0.92 (2) 0.98 (2) 0.80 (2) 0.82 (2)

In this case, the statistical scores of Nash-Sutcliffe Efficiency (NSE) and Volumetric Ef-
ficiency (VE) are conclusive. The bias-corrected model 13.UNIBELGRADE-EBUPOM2cv1*
presents better performance, even though not quite different from the bias-corrected
model 7. However, the bias-corrected model 7.ICTP-RegCM4-3.v7* (HadGEM2) performs a
better adaptation according to R2 and, hence, a better seasonality of the precipitation values.
The 7.ICTP-RegCM4-3.v7* (HadGEM2) model particularly excels in NSE, IA, and KGE
metrics, highlighting its robust performance in capturing precipitation patterns. However,
the 8.LMD-LMDZ4NEMOMED8v1 model exhibits notable low VE and KGE, while high R2

and IA and mediocre NSE values indicate a potential overestimation of precipitation. Under
the RCP4.5 scenario, it is observed that the values of precipitation present an excellent fit
to the primary values of the variable for the historical period. The 9.GUF-CCLM4-8-18v1
model stood out with the highest R2 and VE values, indicating a strong correlation and
explained variance. According to the additive classification procedure, the climatic model
9.GUF-CCLM4-8-18.v1 presents the best statistical fit. However, it overestimates the mean
annual precipitation. In this case, the statistical scores of Nash-Sutcliffe Efficiency (NSE) και
Volumetric Efficiency (VE) are conclusive, according to which the model 9.GUF-CCLM4-
8-18v1 presents better performance than model 1.CNRM-ALADIN52.v1, and especially
for the Volumetric Efficiency (VE), which is very important for ensuring the monthly and
seasonal fitting of the bias-corrected values. The 11.ENEA-PROTHEUSv2* model, while
showing lower R2, maintains competitive performance across other metrics.
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In Table 4, the performance of Quantile Empirical Mapping on temperature is dis-
played for each climatic model based on which a relative classification of the models has
been made. Under the RCP8.5 scenario, several models, such as 1.CNRM-ALADIN52.v1,
2.ICTP-RegCM4-3v1*, and 5.ELU-RegCM4-3v1 consistently exhibits high R2 and NSE
values, indicating strong agreement with observed temperature data.

Table 4. QEM performance scores using the employed statistical metrics and efficacy ranking order
(in parentheses) for monthly temperature. (* Available only for one RCP).

Scenario Climatic Model R2 NSE IA KGE

RCP8.5
(8.5 W/m2, CO2

1370 ppm)

1.CNRM-ALADIN52v1 (MED-11) 0.90 (3) 0.94 (2) 0.99 (1) 0.97 (1)
2.ICTP-RegCM4-3v1* 0.90 (6) 0.94 (5) 0.98 (5) 0.97 (5)
3.CMCC-CLM4-8-19.v1 0.90 (8) 0.93 (8) 0.98 (8) 0.97 (8)
4.CNRM-ALADIN52.v1 (MED-44) 0.90 (9) 0.93 (9) 0.98 (8) 0.97 (8)
5.ELU-RegCM4-3_v1 0.90 (2) 0.94 (2) 0.99 (1) 0.97 (1)
7.ICTP-RegCM4-3.v7* (HadGEM2) 0.90 (5) 0.94 (5) 0.98 (5) 0.97 (5)
8.LMD-LMDZ4NEMOMED8.v1 0.90 (10) 0.93 (10) 0.98 (8) 0.97 (10)
9.GUF-CCLM4-8-18.v1 0.80 (11) 0.04 (11) 0.72 (11) 0.52 (11)
10.ICTP-RegCM4-3.v7* (MPI-ESM-MR) 0.90 (7) 0.94 (7) 0.98 (5) 0.97 (5)
12.UNIBELGRADE-EBU.v1* 0.90 (4) 0.94 (4) 0.99 (1) 0.97 (1)
13.UNIBELGRADE-EBUPOM2c.v1* 0.90 (1) 0.94 (1) 0.99 (1) 0.97 (1)

RCP4.5
(4.5 W/m2, CO2

650 ppm)

1.CNRM-ALADIN52v1 (MED-11) 0.90 (1) 0.94 (1) 0.98 (1) 0.97 (1)
3.CMCC-CLM4-8-19.v1 0.90 (5) 0.94 (1) 0.98 (1) 0.97 (1)
4.CNRM-ALADIN52.v1 (MED-44) 0.90 (4) 0.93 (5) 0.98 (5) 0.96 (5)
5.ELU-RegCM4-3_v1 0.90 (2) 0.94 (1) 0.98 (1) 0.97 (1)
6.ICTP-RegCM4-3.v4* 0.90 (3) 0.94 (4) 0.98 (4) 0.96 (4)
8.LMD-LMDZ4NEMOMED8.v1 0.90 (6) 0.93 (6) 0.98 (5) 0.96 (6)
9.GUF-CCLM4-8-18.v1 0.80 (8) 0.74 (8) 0.72 (8) 0.52 (8)
11.ENEA_PROTHEUS.v2* 0.80 (7) 0.78 (7) 0.94 (7) 0.89 (7)

The 13.UNIBELGRADE-EBUPOM2cv1* model stands out with the highest R2 and
NSE values, highlighting its accuracy in reproducing temperature patterns. However,
the 9.GUF-CCLM4-8-18v1 model shows lower performance across these metrics. Under
the RCP4.5 scenario, 1.CNRM-ALADIN52.v1 and 5.ELU-RegCM4-3v1 emerges as a top
performer with high R2, NSE, and KGE values, suggesting robustness in simulating tem-
perature patterns. The 11.ENEA-PROTHEUSv2* model, while demonstrating competitive
performance, exhibits slightly lower scores in some metrics. The climate model that ex-
ists in both climate scenarios and shows remarkably high values of statistical measures,
especially for the precipitation that is critical to the hydrological water system modeling is
9.GUF-CCLM4-8-18.V1. The other models were not available for both climate scenarios, so
they could only be applied for one climate scenario.

3.2. Projected Surface Hydrology with the UTHBAL Model under Climate Change

The Thornthwaite method has been utilized to assess potential evapotranspiration [35]
based on the geographical latitude of the studied area and the bias-corrected/downscaled
monthly temperature of the Med-CORDEX climatic models for RCP8.5 and RCP4.5. Fig-
ures 7 and 8 display the potential evapotranspiration for each climatic model under both
RCPs, spanning historical periods (1991–2000, 2001–2018) and future intervals (2019–2050,
2051–2080, and 2081–2100). Observations from the charts reveal an increasing trend in
potential evapotranspiration, with a more pronounced increase anticipated in the RCP8.5
scenario after 2051, while RCP4.5 shows a gentler upward trend. Under the RCP8.5 sce-
nario, 1.CNRM-ALADIN52.v1 (MED-11) consistently projects high PET values across all
observed periods, with a substantial increase from 1991–2000 to 2081–2100. Similarly,
2.ICTP-RegCM4-3v1* and 5.ELU-RegCM4-3v1 demonstrates upward trends in PET, in-
dicating an intensification of potential evapotranspiration over the simulated years. The
9.GUF-CCLM4-8-18v1 and 12.UNIBELGRADE-EBUv1* models also project increasing
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PET values, though with some fluctuations. Under the RCP4.5 scenario, the PET pro-
jections show a similar increasing trend for most models, with 1.CNRM-ALADIN52.v1
(MED-11) and 3.CMCC-CCLM4-8-19v1 consistently demonstrates higher values. The
11.ENEA-PROTHEUSv2* model, however, diverges with a decrease in PET during the
period 2019–2050.

Figure 7. Bar charts for the Simulated variables of Potential Evapotranspiration (PET), Actual Evapo-
transpiration (AET), Surface runoff (Q), and Groundwater Recharge (Rg) in mm for the Bias–corrected
Med–CORDEX Models under RCP8.5 for the historical time periods of 1971–2000 and 2001–2018,
and the future periods 2019–2050, 2051–2080 and 2081–2100.

Surface hydrology simulations are employed using the UTHBAL model from 1991 to
2100 using monthly timestep for the 19 climatic models of Med-CORDEX for both RCPs.
The UTHBAL model estimates monthly mean areal values of Actual Evapotranspiration
(AET), surface runoff (Q), and groundwater recharge (Rg). Figure 7 shows the mean annual
simulated values for these variables during historical periods (1991–2000, 2001–2018) and
future periods (2019–2050, 2051–2080, and 2081–2100). The simulated actual evapotranspi-
ration (AET) with the UTHBAL model across different climatic models under the RCP4.5
and RCP8.5 scenarios shows variations over various periods. From the charts, it is observed
that the actual evapotranspiration, similarly to the potential evapotranspiration, presents
an increasing trend, and a larger increase is estimated in the climatic scenario RCP8.5, while
in RCP4.5, it presents a milder increasing trend. Under the RCP8.5 scenario, the 8.LMD-
LMDZ4NEMOMED8v1, and 9.GUF-CCLM4-8-18v1 models project an increase in AET
from 1991–2000 to 2081–2100, with the 8.LMD-LMDZ4NEMOMED8v1 model consistently
projects the highest values. The 3.CMCC-CCLM4-8-19v1, 12.UNIBELGRADE-EBUv1*
and 13.UNIBELGRADE-EBUPOM2cv1* models also display increasing AET, suggesting
enhanced evapotranspiration rates. The other models also exhibit an upward trend but
with lower evapotranspiration rates. In the RCP4.5 scenario, similar trends are observed,
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with 8.LMD-LMDZ4NEMOMED8v1 consistently projects the highest AET values. The
3.CMCC-CCLM4-8-19v1 and 9.GUF-CCLM4-8-18v1 models show an increasing trend
in AET, while the 11.ENEA-PROTHEUSv2* model exhibits fluctuations. The 1.CNRM-
ALADIN52.v1 (MED-11), and 4.CNRM-ALADIN52v1 (MED-44) models present the lowest
AET values, while all the other models show an increasing but milder trend in AET. Surface
runoff and groundwater recharge present similar trends with the potential and actual
evapotranspiration.

Figure 8. Bar charts for the simulated variables of Potential Evapotranspiration (PET), Actual Evapo-
transpiration (AET), Surface runoff (Q), and Groundwater Recharge (Rg) in mm for the Bias–corrected
Med–CORDEX Models under RCP4.5, for the historical time periods 1971–2000 and 2001–2018, and
the future periods 2019–2050, 2051–2080 and 2081–2100.

According to the RCP8.5 scenario, all models show a decreasing trend in surface runoff
from 1991–2000 to 2081–2100, reflecting reduced runoff values. The 1.CNRM-ALADIN52.v1
(MED-11), 2.ICTP-RegCM4-3v1* and 4.CNRM-ALADIN52v1 (MED-44) models exhibit the
lowest runoff values. The 3.CMCC-CCLM4-8-19v1, 7.ICTP-RegCM4-3.v7*(HadGEM2),
9.GUF-CCLM4-8-18v1, 12.UNIBELGRADE-EBUv1* and 13.UNIBELGRADE-EBUPOM2cv1*
shows a milder decreasing trend in surface runoff than the other models, while the 8.LMD-
LMDZ4NEMOMED8v1 model presents the highest runoff values. According to the RCP4.5
scenario, all models show a decreasing trend in surface runoff for all time frames. The
1.CNRM-ALADIN52.v1 (MED-11), and 4.CNRM-ALADIN52v1 (MED-44) models exhibit
the lowest runoff values, similarly to RCP8.5. The 3.CMCC-CCLM4-8-19v1 and 9.GUF-
CCLM4-8-18v1 models present a milder decreasing trend in surface runoff than the other
models, while the 8.LMD-LMDZ4NEMOMED8v1 model presents the highest runoff val-
ues. Notably, the 11.ENEA-PROTHEUSv2* model displays fluctuations, emphasizing the
complexity of surface runoff responses.

Groundwater recharge shows a decreasing trend for all climatic models under RCP8.5.
The most reduced groundwater recharge is projected by the 1.CNRM-ALADIN52.v1
(MED-11), 2.ICTP-RegCM4-3v1*, 4.CNRM-ALADIN52v1 (MED-44) and 5.ELU-RegCM4-
3v1 models. The 12.UNIBELGRADE-EBUv1* and 13.UNIBELGRADE-EBUPOM2cv1*
exhibits a milder decreasing trend than the rest of the models, along with the 8.LMD-
LMDZ4NEMOMED8v1 model presents the highest values of groundwater recharge. All
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models present a decreasing trend in groundwater recharge under RCP4.5 and also exhibit
similar decreasing rates apart from the 8.LMD-LMDZ4NEMOMED8v1 model. The latter
exhibits the highest values of groundwater recharge, as in RCP8.5. Fluctuations are noticed
in the models that project high groundwater recharge values. However, in all models, the
groundwater recharge is slightly larger in RCP4.5 than under RCP8.5.

3.3. Projected Nitrogen Leaching with the REPIC Model under Climate Change

The REPIC model was used for the simulation of the monthly nitrate leaching towards
the Almyros aquifer for the climatic scenarios RCP8.5 and RCP4.5 from January 1991 until
December 2100. The mean monthly values of nitrogen leaching are displayed in Figure 9
for each climatic model for the historical and future periods under RCP8.5 and in Figure 10
under RCP4.5. In examining the box plots depicting nitrogen leaching over different
climate change periods, it is observed that nitrogen leached towards the aquifer follows
the temperature change, although no simple statistical correlation between temperature
and nitrogen leaching is established. Regarding the historical observed periods 1991–2000
(calibration period) and 1991–2018 (validation period), the mean value of annual nitrogen
leaching remains stable, but the variability expands during the simulated observed period
2001–2018 and, respectively, the notches change. However, the notches’ ranges overlay,
hence, the medians are not statistically different. Particularly, for the observed simulated
base period 1991–2018, 40% of total annual nitrogen fertilization is leached towards the
Almyros aquifer system, which approximates the average annual value of 42.7 kg/ha
of nitrogen.

Figure 9. Box–Whisker of Nitrogen Leaching (kg/ha/yr) as simulated with the REPIC model for the
Bias–corrected Med–CORDEX Models under RCP8.5, for historical periods 1971–2000 and 2001–2018,
and future periods, 2019–2050, 2051–2080 and 2081–2100.
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Figure 10. Box–Whisker of Nitrogen Leaching (kg/ha/yr) as simulated with the REPIC model for the
Bias–corrected Med–CORDEX Models under RCP4.5, for historical periods 1971–2000 and 2001–2018,
and future periods, 2019–2050, 2051–2080 and 2081–2100.

During the historical bias-corrected time period of 1991–2018, under the climate
scenario RCP8.5, 65% of the total annual nitrogen fertilization is leached towards the
groundwater under the climatic model 1.CNRM-ALADIN52.v1 (MED-11), 66% under the
climatic model 2.ICTP-RegCM4-3v1*, 56% under the climatic model 3.CMCC-CCLM4-8-
19v1., 86% under the climatic model 4.CNRM-ALADIN52v1 (MED-44), 67% under the
climatic model 5.ELU-RegCM4-3v1, 57% under the climatic model 7.ICTP-RegCM4-3.v7*
(HadGEM2), 37% under the climatic model 8.LMD-LMDZ4NEMOMED8v1, 52% under
the climatic model 9.GUF-CCLM4-8-18v1, 59% under the climatic model 10.ICTP-RegCM4-
3.v7* (MPI-ESM-MR), 61% under the climatic model 12.UNIBELGRADE-EBUv1*, and 64%
under the climatic model 13.UNIBELGRADE-EBUPOM2cv1*.

In the time period 2019–2050, under the climate scenario RCP8.5, 46% of the total
annual nitrogen fertilization is leached towards the groundwater under the climatic model
1.CNRM-ALADIN52.v1 (MED-11), 51% under the climatic model 2.ICTP-RegCM4-3v1*,
50% under the climatic model 3.CMCC-CCLM4-8-19v1, 68% under the climatic model
4.CNRM-ALADIN52v1 (MED-44), 45% under the climatic model 5.ELU-RegCM4-3v1, 45%
under the climatic model 7.ICTP-RegCM4-3.v7* (HadGEM2), 19% under the climatic model
8.LMD-LMDZ4NEMOMED8v1, 34% under the climatic model 9.GUF-CCLM4-8-18v1, 48%
under the climatic model 10.ICTP-RegCM4-3.v7* (MPI-ESM-MR), 45% under the climatic
model 12.UNIBELGRADE-EBUv1*, and 44% under the climatic model 13.UNIBELGRADE-
EBUPOM2cv1*. In the time period 2051–2100, under the climate scenario RCP8.5, 45%
of the total annual nitrogen fertilization is leached towards the groundwater under the
climatic model 1.CNRM-ALADIN52.v1 (MED-11), 55% under the climatic model 2.ICTP-
RegCM4-3v1*, 57% under the climatic model 3.CMCC-CCLM4-8-19v1., 74% under the
climatic model 4.CNRM-ALADIN52v1 (MED-44), 56% under the climatic model 5.ELU-
RegCM4-3v1, 51% under the climatic model 7.ICTP-RegCM4-3.v7* (HadGEM2), 29% under
the climatic model 8.LMD-LMDZ4NEMOMED8v1, 41% under the climatic model 9.GUF-
CCLM4-8-18v1, 47% under the climatic model 10.ICTP-RegCM4-3.v7* (MPI-ESM-MR), 48%
under the climatic model 12.UNIBELGRADE-EBUv1*, and 49% under the climatic model
13.UNIBELGRADE-EBUPOM2cv1*. Under RCP8.5, the climatic model that produces the
largest quantities of nitrogen leached is the 9.GUF-CCLM4-8-18v1. In decreasing order of
nitrogen leached, the bias-corrected climatic models are models 9, 12, 13, 3, 4, 8, 7, 10, 5, 2,
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and 1. Comparatively, more quantities of nitrogen are leached towards groundwater under
RCP8.5 than under RCP4.5.

During the historical bias-corrected time period of 1991–2018, under the climate sce-
nario RCP4.5, 52% of the total annual nitrogen fertilization is leached towards the ground-
water under the climatic model 1.CNRM-ALADIN52.v1 (MED-11), 55% of the nitrogen fer-
tilization is leached towards the groundwater under the climatic models 3.CMCC-CCLM4-
8-19v1, 4.CNRM-ALADIN52v1 (MED-44), 5.ELU-RegCM4-3v1, 61% under the climatic
model 6.ICTP-RegCM4-3v4*, 83% under the climatic model 8.LMD-LMDZ4NEMOMED8v1,
78% under the climatic model 9.GUF-CCLM4-8-18v1, and 59% under the climatic model
11.ENEA-PROTHEUSv2*. In the time period 2019–2050, under the climate scenario RCP4.5,
37% of the total annual nitrogen fertilization is leached towards the groundwater under
the climatic models 1.CNRM-ALADIN52.v1 (MED-11), 3.CMCC-CCLM4-8-19v1, 4.CNRM-
ALADIN52v1 (MED-44), and 5.ELU-RegCM4-3v1, 43% under the climatic model 6.ICTP-
RegCM4-3v4*, 69% under the climatic model 8.LMD-LMDZ4NEMOMED8v1, 43% under
the climatic model 9.GUF-CCLM4-8-18v1, and 59% under the climatic model 11.ENEA-
PROTHEUSv2*. In the time period 2051–2100, under the climate scenario RCP4.5, 40% of
the total annual nitrogen fertilization is leached towards the groundwater under the climatic
model 1.CNRM-ALADIN52.v1 (MED-11), 4.CNRM-ALADIN52v1 (MED-44), and 5.ELU-
RegCM4-3v1, 41% 55% of the nitrogen fertilization is leached towards the groundwater
under the climatic models 3.CMCC-CCLM4-8-19v1, 47% under the climatic model 6.ICTP-
RegCM4-3v4*, 76% under the climatic model 8.LMD-LMDZ4NEMOMED8v1, 68% under
the climatic model 9.GUF-CCLM4-8-18v1, and 49% under the climatic model 11.ENEA-
PROTHEUSv2*. Under RCP4.5, the climatic model that produces the largest quantities of
nitrogen leached is the 7.ICTP-RegCM4-3.v7* (HadGEM2). In decreasing order of nitrogen
leached, the bias-corrected/downscaled climatic models are models 7, 8, 9, 5, 2, 3, 4, and 1.

The relative changes of nitrogen leaching in the future periods 2019–2030 and 2019–2050,
2051–2080, and 2081–2100 concerning the historical period 1991–2018 under RCP8.5 are
displayed in Table 5. According to the results, the nitrogen leached towards the groundwater
of the Almyros aquifer system will be reduced in the future, while the specification of the
reduction depends on the bias-corrected model that is employed and the climatic scenario that
represents the future warming emissions. Nevertheless, with the current agronomic policies
of nitrogen application, there is a reduction of more than 41% according to the 9.GUF-CCLM4-
8-18v1 climatic model, which cannot be expected for the period 2019–2030. Moreover, there is
great uncertainty among the simulated results for the climate models.

Table 5. Average relative (%) changes of nitrogen leaching in the future periods from the historical
period 1991–2018. (* only for one RCP).

Scenario Climatic Model 2019–2030 2031–2050 2051–2080 2081–2100 Sparkline

RCP8.5
(8.5 W/m2, CO2

1370 ppm)

1.CNRM-ALADIN52v1 (MED-11) −25% −46% −30% −32%
2.ICTP-RegCM4-3v1* −13% −45% −21% −11%
3.CMCC-CLM4-8-19.v1 −16% −26% −3% 4%
4.CNRM-ALADIN52.v1 (MED-44) −20% −40% −18% −11%
5.ELU-RegCM4-3_v1 −27% −50% −28% −5%
7.ICTP-RegCM4-3.v7* (HadGEM2) −24% −37% −21% 1%
8.LMD-LMDZ4NEMOMED8.v1 −40% −63% −19% −25%
9.GUF-CCLM4-8-18.v1 −41% −45% −20% −21%
10.ICTP-RegCM4-3.v7* (MPI-ESM-MR) −13% −38% −26% −12%
12.UNIBELGRADE-EBU.v1* −24% −44% −20% −24%
13.UNIBELGRADE-EBUPOM2c.v1* −28% −46% −23% −22%

RCP4.5
(4.5 W/m2, CO2

650 ppm)

1.CNRM-ALADIN52v1 (MED-11) −10% −55% −39% −27%
3.CMCC-CLM4-8-19.v1 −14% −57% −42% −29%
4.CNRM-ALADIN52.v1 (MED-44) −14% −57% −42% −30%
5.ELU-RegCM4-3_v1 −14% −57% −42% −30%
6.ICTP-RegCM4-3.v4* −12% −54% −39% −26%
8.LMD-LMDZ4NEMOMED8.v1 −4% −43% −28% −13%
9.GUF-CCLM4-8-18.v1 −5% −51% −33% −16%
11.ENEA_PROTHEUS.v2* −11% −53% −38% −18%
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3.4. Projected Groundwater Hydrology with the MODFLOW Model under Climate Change

Groundwater hydrology, aquifer water flows, groundwater abstractions, and sea level
rise have been simulated with the MODFLOW model from 1991 to 2100 on a monthly
timestep for the 19 climatic models of Med-CORDEX for the two RCPs. The model was run
for four time periods separately: 1991–2018, 2019–2050, 2051–2080, and 2081–2100. For each
forward simulation, the starting heads were set as the simulated heads of the last time step
of the previous time period/simulation. In Table 6, the average monthly hydraulic heads
for the Almyros aquifer for every climatic model and scenario are displayed. The water
table will be lowered as time progresses in all climatic models and scenarios. In RCP8.5,
the average water table reduction ranges between 1.5 m and 9 m, while in RCP4.5, it ranges
between 1.9 m and 9 m. Certainly, these values correspond to the spatial average of the
hydraulic heads, and there is great variability according to hydrogeological characteristics,
but the adverse impact of the warming climate on groundwater heads has been established.
Under the RCP8.5 scenario, the models indicate a decreasing trend in mean water table
levels. The models 4.CNRM-ALADIN52v1 (MED-44), 7.ICTP-RegCM4-3.v7* (HadGEM2),
9.GUF-CCLM4-8-18v1 and 10.ICTP-RegCM4-3.v7* (MPI-ESM-MR) exhibits higher rates of
lowering water table as compared to the other models. All the other models present lower-
ing the water table with a more stable pace, except for the 8.LMD-LMDZ4NEMOMED8v1
model stands out with consistently higher values, suggesting an upward trend in ground-
water levels, which contrasts with the overall decreasing trend observed in all models.
Under the RCP4.5 scenario, the 4.CNRM-ALADIN52v1 (MED-44) model presents the
steeper lowering rate, while the 8.LMD-LMDZ4NEMOMED8v1 model shows high water
levels. The models 3.CMCC-CCLM4-8-19v1, 5.ELU-RegCM4-3v1, 6.ICTP-RegCM4-3v4*,
9.GUF-CCLM4-8-18v1 and 11.ENEA-PROTHEUSv2* shows a decreasing trend but with
a slightly slower pace. Table 7 shows the water balance for the historical periods of
1991–2000 and 2001–2018 and the future periods 2019–2050, 2051–2080, and 2081–2100 for
the 19 Med-CORDEX models and the two RCPs. According to the groundwater analysis,
both warming scenarios have a substantially deficient groundwater equilibrium at present,
and the aquifer imbalance will continue to be negative.

Table 6. Average groundwater heads (m) for historical and future periods. (* only for one RCP).

Scenario Climatic Model 1991–2000 2001–2018 2019–2050 2051–2080 2081–2100 Sparkline

RCP8.5
(8.5 W/m2,

CO2 1370 ppm)

1.CNRM-ALADIN52v1 (MED-11) 73.55 64.92 58.88 51.26 49.84
2.ICTP-RegCM4-3v1* 73.87 65.58 59.40 51.24 49.76
3.CMCC-CLM4-8-19.v1 75.10 72.07 59.24 58.79 57.15
4.CNRM-ALADIN52.v1 (MED-44) 73.45 64.10 58.54 50.56 49.19
5.ELU-RegCM4-3_v1 74.24 68.22 61.58 53.53 51.76
7.ICTP-RegCM4-3.v7* (HadGEM2) 75.01 71.94 56.30 58.52 56.86
8.LMD-LMDZ4NEMOMED8.v1 76.76 78.40 77.84 74.98 74.68
9.GUF-CCLM4-8-18.v1 74.91 71.59 58.10 58.66 57.00
10.ICTP-RegCM4-3.v7* (MPI-ESM-MR) 74.74 70.78 56.02 56.86 55.17
12.UNIBELGRADE-EBU.v1* 75.45 74.37 67.21 64.19 62.84
13.UNIBELGRADE-EBUPOM2c.v1* 75.19 73.25 63.12 61.28 59.70

RCP4.5
(4.5 W/m2,

CO2 650 ppm)

1.CNRM-ALADIN52.v1 (MED-11) 74.01 68.55 62.73 58.93 50.15
3.CMCC-CCLM4-8-19v1 74.91 71.85 60.97 58.44 56.80
4.CNRM-ALADIN52v1 (MED-44) 73.49 64.49 58.07 50.65 49.23
5.ELU-RegCM4-3v1 74.20 68.00 61.35 53.24 51.48
6.ICTP-RegCM4-3v4* 74.32 68.51 61.03 53.60 51.74
8.LMD-LMDZ4NEMOMED8v1 76.58 77.85 76.84 73.69 73.05
9.GUF-CCLM4-8-18v1 74.85 71.18 68.23 58.05 56.40
11.ENEA-PROTHEUSv2* 74.45 69.59 62.85 54.81 53.08

The water balance will be deficient, but the lowering of the hydraulic heads has to
be considered in the interpretation of the results. The reason for the water deficit is the
general reduction in groundwater recharge, the increased evapotranspiration, and hence
the increased groundwater abstractions, which lead to less water flow volumes to interact
and form the water balance. This is supported and proved by the lowering of hydraulic
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heads. The water balance for the time periods 1991–2000, 2001–2018, 2019–2050, 2051–2080,
and 2081–2100 under the RCP8.5 scenario shows significant fluctuations. The 1.CNRM-
ALADIN52.v1 (MED-11) model shows a steady decline in water balance across the specified
periods. The decline is gradual but substantial, emphasizing a potential long-term water
deficit. Similarly, the 2.ICTP-RegCM4-3v1* model exhibits consistently negative values
and predicts a significant decrease in water balance, especially towards the end of the
century. The 3.CMCC-CCLM4-8-19v1 model shows a negative water balance but with less
intensity compared to the previous models and implies a decline in water availability, albeit
at a slightly slower rate. In contrast, the 8.LMD-LMDZ4NEMOMED8v1 model exhibits a
positive water balance, suggesting variability in water balance, potentially influenced by
unique model dynamics. However, all the other models display negative values, reflecting
a consistent trend of decreasing water balance, while the severity varies among models.

Table 7. Average water balance (hm3) for historical and future periods. (* only for one RCP).

Scenario Climatic Model 1991–2000 2001–2018 2019–2050 2051–2080 2081–2100 Sparkline+/−

RCP8.5
(8.5 W/m2,

CO2
1370 ppm)

1.CNRM-ALADIN52v1 (MED-11) −31.4 −26.2 −20.6 −9.7 −4.4
2.ICTP-RegCM4-3v1* −29.6 −26 −21.6 −9.4 −3.2
3.CMCC-CLM4-8-19.v1 −15.2 −16.1 −17.5 −11.3 −7.1
4.CNRM-ALADIN52.v1 (MED-44) −33 −26.5 −21.8 −8.7 −3.1
5.ELU-RegCM4-3_v1 −25.7 −21.3 −21 −10.5 −4.5
7.ICTP-RegCM4-3.v7* (HadGEM2) −16 −15.1 −17.6 −11.4 −8.5
8.LMD-LMDZ4NEMOMED8.v1 4.9 1.8 −5.9 −2.4 0.5
9.GUF-CCLM4-8-18.v1 −17 −16.1 −17.3 −11.1 −7.1
10.ICTP-RegCM4-3.v7* (MPI-ESM-MR) −19.7 −17.4 −19 −10.8 −5.2
12.UNIBELGRADE-EBU.v1* −10.1 −9.1 −13.9 −9.6 −5.1
13.UNIBELGRADE-EBUPOM2c.v1* −13.3 −12.7 −15.9 −10.6 −5.8

RCP4.5
(4.5 W/m2,

CO2
650 ppm)

1.CNRM-ALADIN52.v1 (MED-11) −30.4 −25.2 −27.2 −16.7 −18.1
3.CMCC-CCLM4-8-19v1 −16.9 −15.1 −18.7 −10.3 −8.1
4.CNRM-ALADIN52v1 (MED-44) −32.5 −25.9 −21 −9.7 −4.9
5.ELU-RegCM4-3v1 −26.2 −21.6 −21.2 −10.5 −4.5
6.ICTP-RegCM4-3v4* −24.9 −20.7 −20.5 −11.7 −7
8.LMD-LMDZ4NEMOMED8v1 2.8 0.2 −6.4 −5.8 −1.8
9.GUF-CCLM4-8-18v1 −17.8 −16.9 −21.7 −11.2 −7.3
11.ENEA-PROTHEUSv2* −23.3 −19.7 −20.6 −10.6 −4.4

The water balance projections under the RCP4.5 scenario show a reduction in water
availability across the specified time frames. The 1.CNRM-ALADIN52.v1 (MED-11) model
continues to show negative values, indicating decreasing water availability over time, yet
the decline is less pronounced compared to the RCP8.5 scenario. The 3.CMCC-CCLM4-8-
19v1 model, similar to its performance in the RCP8.5 scenario, displays negative values
of water balance and implies a potential reduction in water resources, though at a slightly
slower pace. The 8.LMD-LMDZ4NEMOMED8v1 model presents positive values during
certain periods, suggesting intermittent water surplus. The 11. ENEA-PROTHEUSv2
model exhibits consistently negative values, indicating a decreasing water balance and a
potential long-term reduction in water availability.

3.5. Projected Groundwater Nitrate Pollution with the MT3DMS Model under Climate Change

The MT3DMS model was utilized to assess nitrate concentrations in response to climate
change scenarios, particularly the Representative Concentration Pathways (RCP) 8.5 and 4.5.
from 1991 to 2100 on a monthly timestep for the 19 climatic models of Med-CORDEX for the
two RCPs. The time periods considered are 1991–2000, 2001–2018, 2019–2050, 2051–2080,
and 2081–2100. The average groundwater NO3 (mg/L) for historical and future periods
with values specified for each climatic model are displayed in Table 8. Analyzing the RCP8.5
and RCP4.5 scenarios during the initial period of 1991–2000, the concentrations range from
31.1 to 32.5, showing some variability. As the timeline progresses from 2001–2018, a
general decline in nitrate concentrations is noticeable for most models, indicating potential
temporal trends. The subsequent intervals (2019–2050, 2051–2080, and 2081–2100) exhibit a
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consistent decrease in nitrate concentrations for most climatic models. However, variations
exist among the models, with some showing steeper declines than others. Under the RCP8.5
scenario, the climatic model with the largest nitrate concentration is 4.CNRM-ALADIN52.v1
(MED-44) from 1991 until 2080, and the 5.ELU-RegCM4-3_v1 in 2081–2100. The climatic
model with the smallest nitrate concentration is 8.LMD-LMDZ4NEMOMED8.v1 for all
periods, reaching its minimum value of 13.7 during the 2081–2100 time period. Under
the RCP4.5 scenario, the climatic model with the largest nitrate concentration is 4.CNRM-
ALADIN52.v1 (MED-44) from 1991 to 2018, the 5.ELU-RegCM4-3v1 from 2019 to 2080,
and the 6.ICTP-RegCM4-3v4* from 2080 to 2100. The climatic model with the smallest
nitrate concentration is 8.LMD-LMDZ4NEMOMED8.v1, reaching its minimum value of
14.3 during the time period of 2081-2100, except for the period 2051–2080 when the 1.CNRM-
ALADIN52.v1 (MED-11) presents the lowest average nitrate concentrations. The 6.ICTP-
RegCM4-3v4* exhibits an anomalous spike in nitrate concentration, reaching 52.9 during
the time period 2081–2100, which stands out in contrast to the generally declining trend
observed in other models.

Table 8. Average groundwater NO3 (mg/L) for historical and future periods. (* only for one RCP).

Scenario Climatic Model 1991–2000 2001–2018 2019–2050 2051–2080 2081–2100

RCP8.5
(8.5 W/m2,

CO2 1370 ppm)

1.CNRM-ALADIN52v1 (MED-11) 32.4 30.2 25.0 21.0 17.5
2.ICTP-RegCM4-3v1* 32.4 30.6 26.2 23.2 18.8
3.CMCC-CLM4-8-19.v1 32.0 29.1 24.3 21.2 18.0
4.CNRM-ALADIN52.v1 (MED-44) 32.5 30.6 26.2 23.3 18.7
5.ELU-RegCM4-3_v1 32.4 30.3 26.1 23.2 19.4
7.ICTP-RegCM4-3.v7* (HadGEM2) 32.0 29.2 24.5 21.2 18.0
8.LMD-LMDZ4NEMOMED8.v1 31.1 26.4 20.5 18.2 13.7
9.GUF-CCLM4-8-18.v1 32.0 29.1 24.1 21.0 17.8
10.ICTP-RegCM4-3.v7* (MPI-ESM-MR) 32.2 29.8 25.5 22.2 19.2
12.UNIBELGRADE-EBU.v1* 31.8 28.1 22.9 20.3 16.7
13.UNIBELGRADE-EBUPOM2c.v1* 31.9 28.5 23.5 20.6 17.2

RCP4.5
(4.5 W/m2,

CO2 650 ppm)

1.CNRM-ALADIN52.v1 (MED-11) 32.3 29.8 24.2 17.6 16.3
3.CMCC-CCLM4-8-19v1 32.1 29.1 24.1 20.7 17.2
4.CNRM-ALADIN52v1 (MED-44) 32.5 30.6 26.0 22.7 18.6
5.ELU-RegCM4-3v1 32.4 30.3 26.1 23.1 19.2
6.ICTP-RegCM4-3v4* 32.3 30.2 25.8 22.6 52.9
8.LMD-LMDZ4NEMOMED8v1 31.2 26.7 20.9 18.6 14.3
9.GUF-CCLM4-8-18v1 32.0 29.2 25.9 21.0 17.9
11.ENEA-PROTHEUSv2* 32.3 29.9 25.4 21.6 18.7

In Figure 11, the sections AA’ and BB’ of the Almyros aquifer system and the evo-
lution of nitrate pollution for the 11 bias-corrected climatic models are displayed for the
adverse impacts scenario RCP8.5, and in Figure 12, the sections AA’ and BB’ for the eight
bias-corrected climatic models are displayed for the medium impacts scenario RCP4.5.
Observing the sections of the results derived from the MT3DMS simulations for the nitrate
concentrations, it is noticed that there is a general consensus among the climatic scenarios
and climatic models for the historical period of 1991–2018. The results initiate present
differences and variability, especially in the areas of increased nitrate concentrations as
time progresses into the future until 2100.

As regards the implementation of the climatic scenario RCP8.5, in Section AA’, the high-
est nitrate concentrations are produced at the central part of the coastal area using the bias-
corrected climatic models 10.ICTP-RegCM4-3.v7* (MPI-ESM-MR), 5.ELU-RegCM4-3v1,
and 7.ICTP-RegCM4-3.v7* (HadGEM2), and at the southern part by model 2.ICTP-RegCM4-
3v1*. The lowest concentrations present the largest differentiations. They are produced at
the central part by the bias-corrected climatic models 4.CNRM-ALADIN52v1 (MED-44),
1.CNRM-ALADIN52.v1 (MED-11), and 2.ICTP-RegCM4-3v1*, while at the southern part
by the bias-corrected climatic models 8.LMD-LMDZ4NEMOMED8v1, 12.UNIBELGRADE-
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EBUv1*, 13.UNIBELGRADE-EBUPOM2cv1* and 7.ICTP-RegCM4-3.v7* (HadGEM2). Un-
der the climatic scenario of medium impacts RCP4.5, in Section AA’, the highest nitrates
concentrations are produced at the central part of the coastal area by the bias-corrected
climatic models 4.CNRM-ALADIN52v1 (MED-44), 11.ENEA-PROTHEUSv2* and 8.LMD-
LMDZ4NEMOMED8v1, and at the southern part by models 1.CNRM-ALADIN52.v1
(MED-11) and 4.CNRM-ALADIN52v1 (MED-44).

Figure 11. Section AA’ (left) and Section BB’ (right) for Nitrate Concentrations in mg/L for the
Bias–corrected Med–CORDEX Models under RCP8.5 for the time periods of 1991–2018, 2019–2050,
2051–2080, and 2081–2100.
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Figure 12. Section AA’ (left) and Section BB’ (right) for Nitrate Concentrations in mg/L for the
Bias–corrected Med–CORDEX Models under RCP4.5 for the time periods of 1991–2018, 2019–2050,
2051–2080, and 2081–2100.

The lowest concentrations present the largest differentiations. They are produced at
the central part by the bias-corrected climatic model 11.ENEA-PROTHEUSv2*, 1.CNRM-
ALADIN52.v1 (MED-11) and 3.CMCC-CCLM4-8-19v1, while at the southern part by the
bias-corrected climatic model 8.LMD-LMDZ4NEMOMED8v1.

Notably, in RCP4.5, the simulated nitrate concentrations present both the highest
and lowest nitrate concentrations at the central coastal part. This is attributed to the
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heterogeneous hydrological conditions and hydraulic conductivity of the coastal area. In
the northern coastal part, the geological formations consist of highly permeable materials
of sand and gravel, while from the central part to the south, clayish formations that
form slower groundwater flows than in the northern part start to appear. The increasing
uncertainty of nitrate pollution according to each climatic model is also verified in the
results in Sections BB’ for both climatic scenarios RCP8.5 and RCP4.5.

Across the sections that pass through contaminated groundwater with nitrates, the
results present differentiations, and their variability is similar to the sections AA.’

In the RCP8.5 scenario, the 1.CNRM-ALADIN52.v1 (MED-11), 2.ICTP-RegCM4-3v1*,
3.CMCC-CCLM4-8-19v1, and the other models consistently demonstrate a decline in nitrate
pollution levels from 1991–2000 to 2081–2100. This decreasing trend suggests a potential
improvement in water quality over time. However, the 5.ELU-RegCM4-3v1 and 7.ICTP-
RegCM4-3.v7* (HadGEM2) models exhibit a slight increase in nitrate pollution levels in the
later years, indicating regional variability in pollution dynamics. In the RCP4.5 scenario,
the 1.CNRM-ALADIN52.v1 (MED-11) and 3.CMCC-CCLM4-8-19v1 models display a stable
nitrate pollution trend, while the 5.ELU-RegCM4-3v1 and 6.ICTP-RegCM4-3v4* models
show an increase in pollution levels over time. The 8.LMD-LMDZ4NEMOMED8v1, 9.GUF-
CCLM4-8-18v1, and 11.ENEA-PROTHEUSv2* models exhibit a slower declining trend in
nitrate pollution levels, suggesting potential challenges in maintaining water quality.

Statistics of groundwater percent (%) differences in NO3 (% mg/L) of future periods
from the historical base period 1991–2000 are displayed in Table 9.

Table 9. Statistics of groundwater percent (%) differences in NO3 (% mg/L) of future periods from
the historical base period 1991–2000. (* only for one RCP).

Scenario Climatic Model Mean (AA’/BB’) Min (AA’/BB’) Max (AA’/BB’) Stdev (AA’/BB’)

RCP8.5
(8.5 W/m2,

CO2
1370 ppm)

1.CNRM-ALADIN52v1 (MED-11) −41 −37 −100 −100 125 107 40 36
2.ICTP-RegCM4-3v1* −38 −30 −100 −100 134 157 41 42
3.CMCC-CLM4-8-19.v1 −34 −38 −99 −96 73 77 25 32
4.CNRM-ALADIN52.v1 (MED-44) −40 −30 −100 −100 134 199 42 45
5.ELU-RegCM4-3_v1 −35 −30 −100 −100 139 128 39 40
7.ICTP-RegCM4-3.v7* (HadGEM2) −38 −36 −100 −98 104 83 29 34
8.LMD-LMDZ4NEMOMED8.v1 −32 −41 −91 −89 246 30 41 29
9.GUF-CCLM4-8-18.v1 −35 −38 −100 −96 66 83 25 33
10.ICTP-RegCM4-3.v7* (MPI-ESM-MR) −33 −31 −100 −98 105 94 30 36
12.UNIBELGRADE-EBU.v1* −36 −35 −98 −81 108 51 24 30
13.UNIBELGRADE-EBUPOM2c.v1* −36 −37 −99 −90 64 58 23 30

RCP4.5
(4.5 W/m2,

CO2
650 ppm)

1.CNRM-ALADIN52.v1 (MED-11) −43 −50 −100 −100 121 78 40 31
3.CMCC-CCLM4-8-19v1 −36 −44 −100 −96 70 59 26 31
4.CNRM-ALADIN52v1 (MED-44) −41 −31 −100 −100 129 161 41 42
5.ELU-RegCM4-3v1 −36 −29 −100 −100 140 136 39 41
6.ICTP-RegCM4-3v4* −37 −29 −100 −100 138 130 39 39
8.LMD-LMDZ4NEMOMED8v1 −30 −39 −90 −88 190 32 41 30
9.GUF-CCLM4-8-18v1 −33 −39 −100 −96 71 83 26 34
11.ENEA-PROTHEUSv2* −34 −34 −100 −99 110 94 34 35

The average percent reduction of nitrate concentrations in the groundwater system
of Almyros ranges from 30 to 41% in RCP8.5 and from 29 to 50% in RCP4.5 for both
cross-section AA’ and BB’.

In RCP8.5, the climatic models that produce the smallest mean reduction are
8.LMD-LMDZ4NEMOMED8.v1 (−32%) in the direction of AA’, and 5.ELU-RegCM4-
3_v1 (−30%) in the direction of BB’. The climatic models that produce the largest mean re-
duction are 1.CNRM-ALADIN52v1 (MED-11) (−41%) in the direction of AA’, and 8.LMD-
LMDZ4NEMOMED8.v1 (−41%) in direction of BB’. The minimum local decreases occur
under the model 2.ICTP-RegCM4-3v1* (−100%) and 4.CNRM-ALADIN52.v1 (MED-44)
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(−100%), while the smallest local decreases occur under 8.LMD-LMDZ4NEMOMED8.v1
(−91%) and 12.UNIBELGRADE-EBU.v1* (−81%), for sections AA’ and BB’, respectively.

The maximum local increases occur under the model 8.LMD-LMDZ4NEMOMED8.v1
(246%) and 4.CNRM-ALADIN52.v1 (MED-44) (199%), while the smallest local increases oc-
cur under 13.UNIBELGRADE-EBUPOM2c.v1* (64%) and 8.LMD-LMDZ4NEMOMED8.v1
(30%), for sections AA’ and BB’, respectively.

In RCP4.5, the climatic models that produce the smallest mean reduction are 8.LMD-
LMDZ4NEMOMED8.v1 (−30%) in the direction of AA’, and 5.ELU-RegCM4-3_v1 (−29%)
in the direction of BB’. The climatic model that produces the largest mean reduction
is 1.CNRM-ALADIN52v1 (MED-11) (−43%) in the direction of AA’, and (−50%) in the
direction of BB’. The minimum local decreases occur, similarly to RCP8.5, under model
2.ICTP-RegCM4-3v1* (−100%) and 4.CNRM-ALADIN52.v1 (MED-44) (−100%), while the
smallest local decreases occur under 8.LMD-LMDZ4NEMOMED8.v1 (−90% and −88%),
for sections AA’ and BB’, respectively. The maximum local increases occur again under
the model 8.LMD-LMDZ4NEMOMED8.v1 (190%) and 4.CNRM-ALADIN52.v1 (MED-44)
(166%), while the smallest local increases occur under 3.CMCC-CCLM4-8-19v1 (70%) and
8.LMD-LMDZ4NEMOMED8.v1 (32%), for sections AA’ and BB’, respectively.

Model 4.CNRM-ALADIN52.v1 (MED-44) presents the largest deviations from the
mean of the differences of nitrate concentrations from the base period under RCP8.5 and
RCP4.5, while also under the latter climatic scenario model 8.LMD-LMDZ4NEMOMED8v1
also presents higher standard deviations.

4. Discussion

This study investigated the water resources, mainly the groundwater resources, and
the nitrate leaching and aquifer pollution under two climatic scenarios, RCP8.5 and RCP4.5,
with the projected climate from nineteen (19) climatic models of the Med-CORDEX database.
The scope of the study was to define the water balance, mainly the groundwater balance,
and the nitrates concentrations and pollution under adverse and medium climatic impacts
on the coastal agricultural Almyros Basin and its aquifer system. The evaluation procedure
uses the Integrated Modeling System [31] designed for agricultural coastal watersheds
and consists of interconnected models of surface water hydrology [32], agronomic/nitrate
leaching processes [23,31], and groundwater models of aquifer hydrology [33] and nitrates
transport [34].

Potential evapotranspiration is projected to increase significantly in the RCP8.5 cli-
matic scenario post-2051, while RCP4.5 indicates a milder upward trend. In RCP8.5,
1.CNRM-ALADIN52.v1 (MED-11) consistently projects high PET, notably increasing from
1991–2000 to 2081–2100. Models 2.ICTP-RegCM4-3v1* and 5.ELU-RegCM4-3v1 shows
upward PET trends. While 9.GUF-CCLM4-8-18v1 and 12.UNIBELGRADE-EBUv1* also
projects rising PET; there are fluctuations. In RCP4.5, PET generally increases across
models, with 1.CNRM-ALADIN52.v1 (MED-11) and 3.CMCC-CCLM4-8-19v1 consistently
shows higher values, but 11.ENEA-PROTHEUSv2* deviates with a decrease in PET dur-
ing 2019–2050. Similar to potential evapotranspiration, AET demonstrates an increasing
trend, notably higher in RCP8.5. Under RCP8.5, 8.LMD-LMDZ4NEMOMED8v1 and
9.GUF-CCLM4-8-18v1 consistently project increased AET from 1991–2000 to 2081–2100,
with 8.LMD-LMDZ4NEMOMED8v1 displays the highest values. Models like 3.CMCC-
CCLM4-8-19v1, 12.UNIBELGRADE-EBUv1*, and 13.UNIBELGRADE-EBUPOM2cv1* also
shows rising AET, indicating high evapotranspiration. In RCP4.5, similar trends persist,
with 8.LMD-LMDZ4NEMOMED8v1 projecting the highest AET values, while 3.CMCC-
CCLM4-8-19v1 and 9.GUF-CCLM4-8-18v1 exhibit increasing AET. However, the 11.ENEA-
PROTHEUSv2* model shows fluctuations and 1.CNRM-ALADIN52.v1 (MED-11) and
4.CNRM-ALADIN52v1 (MED-44) models present the lowest AET values, with other mod-
els displaying a milder increasing trend in AET.

Surface runoff and groundwater recharge exhibit trends similar to potential and actual
evapotranspiration. In the RCP8.5 scenario, all models demonstrate a decreasing trend



Water 2024, 16, 465 26 of 30

in surface runoff from 1991–2000 to 2081–2100, with 1.CNRM-ALADIN52.v1 (MED-11),
2.ICTP-RegCM4-3v1*, and 4.CNRM-ALADIN52v1 (MED-44), showing the lowest runoff
values. Models like 3.CMCC-CCLM4-8-19v1, 7.ICTP-RegCM4-3.v7* (HadGEM2), 9.GUF-
CCLM4-8-18v1, 12.UNIBELGRADE-EBUv1*, and 13.UNIBELGRADE-EBUPOM2cv1* ex-
hibits a milder decreasing trend, while 8.LMD-LMDZ4NEMOMED8v1 presents the high-
est runoff values. In RCP4.5, all models display decreasing surface runoff trends, with
1.CNRM-ALADIN52.v1 (MED-11) and 4.CNRM-ALADIN52v1 (MED-44) have the lowest
values. The 3.CMCC-CCLM4-8-19v1 and 9.GUF-CCLM4-8-18v1 models show a milder
decreasing trend, and 8.LMD-LMDZ4NEMOMED8v1 presents the highest values. Notably,
the 11.ENEA-PROTHEUSv2* model exhibits fluctuations, emphasizing the complexity of
surface runoff responses.

Groundwater recharge under RCP8.5 displays a decreasing trend across all models,
with 1.CNRM-ALADIN52.v1 (MED-11), 2.ICTP-RegCM4-3v1*, 4.CNRM-ALADIN52v1
(MED-44), and 5.ELU-RegCM4-3v1 projecting the most reduced values. Models like
12.UNIBELGRADE-EBUv1* and 13.UNIBELGRADE-EBUPOM2cv1* shows a milder de-
creasing trend alongside 8.LMD-LMDZ4NEMOMED8v1 presents the highest groundwa-
ter recharge values. In the RCP4.5 scenario, all models exhibit decreasing groundwater
recharge trends, with fluctuations in models projecting high values. Notably, the 8.LMD-
LMDZ4NEMOMED8v1 model maintains the highest groundwater recharge values, consis-
tent with RCP8.5, indicating slightly larger recharge rates in RCP4.5 than under RCP8.5
across all models.

Nitrogen leaching towards aquifers is influenced by temperature changes, but
no simple statistical correlation exists between temperature and nitrogen leaching.
Comparatively, RCP8.5 shows more nitrogen leaching than RCP4.5. During 1991–2018
under RCP8.5, the climatic model 9.GUF-CCLM4-8-18v1 exhibits the highest nitro-
gen leaching at 65%, followed by 12.UNIBELGRADE-EBUv1*, 13.UNIBELGRADE-
EBUPOM2cv1*, and others, with 1.CNRM-ALADIN52.v1 (MED-11) at 86%. In 2019–2050
and 2051–2100, 9.GUF-CCLM4-8-18v1 still leads in nitrogen leaching, but with the
current agronomic policies of nitrogen application, a reduction of 50% of nitrogen
leaching cannot be expected for the period 2019–2030 [8–11] since the highest reduc-
tion resulted in 41% according to the 9.GUF-CCLM4-8-18v1 climatic model. Under
RCP4.5 (1991–2018), 8.LMD-LMDZ4NEMOMED8v1 tops at 83%, followed by 11.ENEA-
PROTHEUSv2*. In 2019–2050, 8.LMD-LMDZ4NEMOMED8v1 remains highest, while
11.ENEA-PROTHEUSv2* exhibits fluctuations. In 2051–2100, 7.ICTP-RegCM4-3.v7*
(HadGEM2) leads, with 8.LMD-LMDZ4NEMOMED8v1 close behind. Notably, RCP4.5
models generally leach less nitrogen than RCP8.5 models.

The water table is expected to decrease in all climatic models and scenarios, and the
water balance projections under the RCP8.5 and RCP4.5 scenarios provide a complex view
of hydrological changes over different time periods. This is due to the adverse impact of
a warming climate on groundwater heads. The water balances for historical periods and
future periods show a deficient groundwater equilibrium and a negative aquifer budget. In
RCP8.5, the water table will be lower than RCP4.5, as RCP4.5 produces milder impacts. Un-
der the RCP8.5 scenario, the majority of models indicate a consistent negative water balance,
reflecting a decline in water availability across the specified time frames. The severity of the
decline varies among models, with 1.CNRM-ALADIN52.v1 (MED-11), 2.ICTP-RegCM4-
3v1*, and 4.CNRM-ALADIN52v1 (MED-44) showing particularly substantial decreases.
In contrast, the 8.LMD-LMDZ4NEMOMED8v1 model stands out with intermittent pos-
itive values, suggesting periods of water surplus. However, this model’s behavior is an
exception rather than the norm among the RCP8.5 projections. Transitioning to the RCP4.5
scenario, the water balance trends are generally similar, with negative values indicating
potential decreases in water availability. Again, the 8.LMD-LMDZ4NEMOMED8v1 model
presents intermittently positive values, indicating periods of water surplus. The reduction
in water deficit can be attributed to multiple factors, including diminished groundwater
recharge, heightened evapotranspiration, and increased groundwater abstractions. These



Water 2024, 16, 465 27 of 30

elements collectively result in lower water flow volumes and contribute to an unbalanced
water equilibrium.

The MT3DMS simulations for nitrate concentrations show a consensus among climatic
scenarios and models for the historical period of 1991–2018. However, there are differences
and variability, particularly in areas of increased nitrate concentrations as time progresses
until 2100. The highest nitrate concentrations are produced at the central part of the coastal
area in the bias-corrected climatic models 10.ICTP-RegCM4-3.v7* (MPI-ESM-MR), 5.ELU-
RegCM4-3v1, and 7.ICTP-RegCM4-3.v7* (HadGEM2), and at the southern part by model
2.ICTP-RegCM4-3v1*. The lowest concentrations present the largest differentiations in
the central part by the bias-corrected climatic models 4.CNRM-ALADIN52v1 (MED-44),
1.CNRM-ALADIN52.v1 (MED-11), and 2.ICTP-RegCM4-3v1*, while at the southern part
by the bias-corrected climatic models 8.LMD-LMDZ4NEMOMED8v1, 12.UNIBELGRADE-
EBUv1*, 13.UNIBELGRADE-EBUPOM2cv1* and 7.ICTP-RegCM4-3.v7* (HadGEM2). In
RCP4.5, both the highest and lowest nitrate concentrations are presented at the central
coastal part due to the heterogeneous hydrological conditions and hydraulic conductivity
of the coastal area. The increasing uncertainty of nitrate pollution according to each climatic
model is also verified in the results in Sections BB’ for both climatic scenarios RCP8.5
and RCP4.5. Statistically, the average reduction of nitrate concentrations in Almyros’
groundwater system ranges from 30 to 41% in RCP8.5 and 29 to 50% in RCP4.5 for both
cross-sections AA’ and BB’. The smallest mean reduction occurs in RCP8.5, with the largest
reduction in RCP4.5. The smallest local decreases occur in RCP8.5 and RCP4.5, with
the largest mean reduction in RCP4.5. The smallest local decreases occur in RCP8.5 and
RCP4.5, with the largest local increases in RCP4.5. Model 4.CNRM-ALADIN52.v1 (MED-44)
presents the largest deviations from the mean of nitrate concentration differences from the
base period.

In summary, a careful evaluation underscores a consensus among the majority of
models, projecting a decrease in water availability under both scenarios. The divergences
observed among models emphasize the inherent uncertainty in climate projections, empha-
sizing the imperative for prudent interpretation.

5. Conclusions

The Integrated Modeling System for Almyros Basin and its aquifer system has been
employed to simulate and project the impacts of future climate change on the water
resources and groundwater pollution of the basin. The study has specifically been focused
on the adverse RCP8.5 and medium impact RCP4.5 climatic scenarios. These simulations
extend until the year 2100, offering insights into various critical hydrological components,
including surface runoff, groundwater recharge, nitrogen leaching, groundwater balance,
and aquifer nitrate pollution.

The results indicate that precipitation, surface runoff, and groundwater recharge will
be reduced in the future. With the anticipated rise in temperature, there is a corresponding
increase in both potential and actual evapotranspiration. These climate change impacts
contribute to a reduction in nitrogen leaching, a lowering of the groundwater table, and the
overall minimization of the water budget. Based on simulation results, it is evident that the
water resources in the Almyros Basin are projected to fall short of achieving a good quantity
status by 2027, even under the assumption of the moderate impact RCP4.5 climatic scenario.
The leaching of nitrogen in the Almyros aquifer is expected to decline, primarily attributed
to the decrease in groundwater recharge and the elevated temperatures. Implementing
agricultural Best Management Practices (BMPs) can contribute to additional reductions in
nitrogen leaching. However, it’s important to note that these practices may not significantly
impact the persistence of nitrates in the groundwater system of the Almyros Basin. The
duration rate of nitrates in the aquifer’s pollution is challenging to determine conclusively
due to notable variability among the bias-corrected Med CORDEX climatic models and
results. This uncertainty is evident across both climatic scenarios, namely RCP8.5 and
RCP4.5. In the context of climate change, nitrate pollution is anticipated to decrease in all
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scenarios. However, this reduction may not be sufficient to classify the groundwater system
of the Almyros Basin as achieving a good chemical status by 2027, even if the medium
impacts of the RCP4.5 climatic scenario are realized. As a result, remedial measures should
be implemented to address the contamination at specific sites and areas within the aquifer
system, and initiative-taking protective measures against further contamination should
also be put into effect. Such measures and actions could be: (a) the construction of small-
and medium-sized surface water reservoirs for irrigation and urban water supply with the
consecutive reduction in groundwater abstractions, (b) the application of Agricultural Best
Management Practices (BMPs) for irrigation (e.g., deficit irrigation) and reduced fertilizer
application, (c) application of artificial groundwater recharge, (d) re-use of domestic treated
wastewater for irrigation of specific crops and/or groundwater recharge, (e) pump and
treat remediation techniques at contaminated sites and (f) change crop pattern. Some of
the above measures/actions have been simulated and presented in the Ph.D. Thesis of
Lyra [42]. Furthermore, to implement adaptive water resources management, other actions
should be applied, such as (i) the establishment of dense monitoring networks to track
groundwater quality and quantity for ensuring real–time data provision and diagnosis for
the design of future management policies. All the above actions are anticipated to mitigate
and even over-turn the negative impacts of future climate change in the study basin.

Supplementary Materials: Additional information for the application of Bias Correction methods
and the Nitrogen Leaching model can be found at: https://github.com/waterhy.
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