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ABSTRACT

The Mediterranean region is expected to present reduced availability of water resources due to climate
change. This study aims to assess the potential hydrological responses to climate change in the Kas-
toria basin (Western Macedonia, Northern Greece) for the period 2019-2078. Climate projections
from eight regional climate models from EURO-CORDEX were bias-adjusted using the linear scal-
ing method. The bias-adjusted climate data were used to force the FeFLOW hydrological model to
predict the discharge of the Kastoria aquifer towards lake Orestiada along with the projected ground-
water level distribution. Precipitation (temperature) shows a tendency to decrease (increase) mainly
in late spring to early autumn while increase (decrease) in the other seasons. Moreover, results indi-
cate a significant increase in temperature and a slight decrease in precipitation towards 2078, while
the predicted groundwater level of Kastoria aquifer will reduce slightly. However, the future hydro-
logical behavior of the basin indicates a substantial reduction by approximately 15% of total water

yield towards the end of the century.
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1. Introduction
Global climate change affects the water resources by altering the natural processes in Earth’s ecosys-

tem and thus impacts the water availability (Xu and Singh 2004). The Mediterranean region, referred
to as one of the planet’s hot spot (Giorgi 2006), is expected to face two major water resources man-
agement challenges: increasing water stress, due to reduction in precipitation and increase in temper-
ature, with fewer wet days and drier summers, and an increasing risk of flooding (Tolika et al. 2012).
While climate change impact assessment studies regarding water resources across the Mediterranean
region have been conducted in adequate numbers (i.e Krysanova et al. 2017, Hundecha et al. 2020)
they have been conducted for large river basins (Lespinas et al. 2010). However, in Greece such
studies are fairly limited (Pisinaras 2016; Panagopoulos et al. 2016). According to MED EUWI Sec-
retariat 2008, there is a widely acknowledged need for relatively small-scale impact research at re-
gional and even local level. This is particularly true for the Mediterranean region and Greece which
are dominated by relatively small basins. Small-scale impact research would ensure assessment of
climate change impacts on water resources at higher resolution and assist further in the installation
of mitigation measures.

Local climate change impact assessments require data in a high spatial resolution; hence imposing
the use of regional climate models (RCMs). Many impact assessments require climate observations
due to the fact that they are highly sensitive to fine-scale climate variations. This is especially true
for complex topography regions, coastal or island locations, and in highly heterogeneous land-cover
regions (Christensen and Christensen 2007). In addition, Teutschbein & Seibert (2010) suggest that
using an ensemble of RCMs should quantify better the projected uncertainty than using a single RCM.
A large ensemble of RCMs, such as those provided by among others the EURO-CORDEX (Gobiet
and Jacob, 2011) and MEDCORDEX (Ruti et al. 2016) projects, is available to provide model outputs

for basin-scale studies. However, their outputs are often prone to strong systematic biases.



Bias-adjustment is usually applied to RCM outputs as climate models often provide biased represen-
tations of observed times series due to systematic errors caused by imperfect conceptualization, dis-
cretization, regional averaging within grid cells, difference between model orography and actual ele-
vation and those inherited from global circulation models (Teutschbein and Seibert 2010, 2013; Ehret
et al. 2012). Typical examples of biases are the occurrence of too many wet days to those observed
with low-intensity rain or incorrect estimation of extreme temperature (Ines and Hansen 2006). Such
biases in RCM-simulated variables can result to, for example, unrealistic hydrological simulations of
river runoff, which is highly sensitive parameter (Bergstrom et al. 2001). This generally necessitates
the adjustment of their outputs to remove the systematic biases stating that the need for bias adjust-
ment adds significantly to uncertainties in modelling climate change impacts (Teutschbein and Sei-
bert 2010). As summarized and discussed by Ehret et al. 2012, among many researchers, there are
several problematic aspects related to bias adjustment methods. Bias adjustment methods often impair
the advantages of circulation models by altering spatiotemporal field consistency, relations among
variables and by violating conservation principles. Also, they largely neglect feedback mechanisms,
and it is unclear whether bias adjustment methods are time-invariant under climate change conditions.
Applying bias adjustment increases agreement of GCM/RCM with observations and therefore re-
duces the uncertainty range of simulations and predictions, often without providing a satisfactory
physical justification. This rather hides than reduces uncertainty, which may lead to avoidable fore-
judging by end users and decision makers.

Many studies have focused on the Kastoria basin, from different scientific points of view. Most of
these studies often employ certain simplifications due to the limited availability of data. Studies that
deal with hydrology usually study lake Orestiada directly. For example, Sakkas and Hrissanthou
(2002) studied analytically the water balance of the lake while Demertzi et al. (2019) focused on the
future condition of the water balance of lake Orestiada for the period 2061-2080 by modifying Bracht-
Flyrmethod. The latter study used the mean monthly GCM outputs of WorldClim v.1 database, which

are interpolated surfaces of a finer resolution than the original resolution of GCMs. However, due to



the low station density at certain regions the interpolated surfaces do not capture the variation that
may occur, particularly in terms of precipitation in mountainous areas (Hijmans et al. 2005). Also,
the use of one future period does not allow for a temporal analysis and therefore for an assessment of
the future evolution of the water balance of the lake. Only one study, in the past, has analyzed the
hydrological behavior of all important water systems found at Kastoria basin (Vafeiadis 1983).

The aim of this study is to determine and assess the watershed scale climate change impact in con-
junction with human-induced actions on the major water balance components of Kastoria basin using
downscaled temperature and precipitation data derived from eight RCMs of the EURO-CORDEX
project under two RCP scenarios (i.e. four RCMs under RCP 4.5 and four RCMs under RCP 8.5).
Three 20-year long sub-periods of projected period 2019-2078 were used to allow for a temporal
evaluation of the water resources for each system. A groundwater FeFLOW model was used to sim-
ulate the sub-surface flow of the basin while the rest of the hydrological components were calculated
analytically based on previous research. This procedure aims to better approximate the hydrological
processes of the basin by taking into account the hydrological characteristics of each of the basin’s
water bearing formations (Krysanova et al. 2018). It was calibrated using long term hydraulic head
data and stochastic methods. The future climate and the hydrological behavior of the important water
systems of the basin were explored on a seasonal basis for the former and on annual basis for the

latter.

2. Study Area Description

Kastoria basin is a relatively small basin found in Western Macedonia, Northern Greece (between
40.425° - 40.645°N and 21.225° - 21.475°E) and is characterized predominately by mountainous
topography with elevation ranging from 620 to 2000m a.m.s.l (Fig. 1). The mountainous topography
which constitutes most part of the basin represents physical boundaries that cause variability in pre-
cipitation and temperature. The lithology of basin consists of metamorphic rocks, alluvial formations,

karst limestones and semi-metamorphosed rocks. The land cover in the basin consists of by forested



areas (29%), pasture (44%), agricultural land (24%) and urban land use areas (3%). The rest of the
basin is occupied by the lake Orestiada (Vafeiadis 1983).

Lake Orestiada exists in the center of the basin and covers an area of 33km? (10.5% of the basin’s
total area). It has a mean depth of 5m and its maximum of 9.6m is found at south part of its body.
Total runoff of the basin goes directly into the lake (Vafeiadis 1983). This makes the water balance
of the lake a direct reflection of the water regime of the entire basin. Sub-surface runoff comes mainly
from the aquifer of Kastoria (Fig. 1) while surface runoff is constituted by several streams (Fig. 1),
whose discharge comes only from extreme precipitation events with the exception of the Xiropotamos
stream. The Xiropotamos stream presents an almost permanent flow (Vafeiadis 1983). The lake is
selectively drained by the Municipality of Kastoria through the Gkioli stream found at the south part
of the basin due to the fact that the water level of the lake must be maintained between +630.27m and

+628.8m a.m.s.l as suggested by the Water Resources Management Plans for Water District GRO9.
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The most significant water systems of the basin are the Kastoria alluvial aquifer system, the Korissos
karst system to a lesser extent and lake Orestiada (Fig. 1). The Kastoria alluvial aquifer constitutes
the major source of water for irrigation needs. The last decades the agricultural activities, which is
the major groundwater sink, have resulted in the construction of more than 78 main groundwater
wells, at the body of the aquifer, used for the irrigation needs (Fig. 1). Twenty of those belong the
public irrigation network that cover most of the irrigation needs (Fig. S1). These are the deepest
boreholes and create a relatively large depression cone during pumping, due to their relatively close
proximity to each other. The aquifer recharges mainly from precipitation and the lateral inflow that
the surrounding formations provide. The Korissos karst system provides such an inflow to the south-
ern part of the aquifer while the tectonized metamorphic rocks provide a similar influx to the rest of
the aquifer. The alluvial aquifer of Kastoria located at the central and eastern part of the basin was
considered for the FeFLOW model along with the Xiropotamos stream. The aquifer covers an area
of approximately 77 km? (nearly 24 % of the Kastoria basin) with elevation ranging from 620 to
950m a.m.s.l (Fig. 1).

The climate of the area is characterized by sub-humid with severe winter with precipitation occurring
mostly from autumn to spring season (Mavromattis 1980). Maximum temperatures occur during the
dry summer months, whereas the lowest are in the cold winter months. A considerable annual varia-
bility in temperature exists in the region. Sometimes the temperature drops below 0°C while rarely
exceeds 35°C. The average annual rainfall is 730mm. The plains of Kastoria basin receives relatively
high amounts of rainfall while most of the rocky part of the basin receives a high amount of rainfall

ranging from 750mm to 1200mm.



3. Materials and Methods

3.1. Modelling Procedure Overview
Climate change affects all water resources in a watershed, both surface and sub-surface. Surface water
resources, e.g lake, are directly affected by any climatological change while sub-surface water re-
sources show changes only after some time have passed, time lag, since the climatological change
has happened. Despite their different response times both types of water resources are usually linked
and inter-dependent. In this case, the most important water systems at the Kastoria basin are the
Korissos karst system, the alluvial aquifer of Kastoria and lake Orestiada are in hydraulic communi-
cation, in that order, thus any change to each individual water storage will impact to their combined
water storage.

RCM outputs were used for the assessment of future hydrologic regime of the important water
systems in the selected watershed following a four-step procedure. First, the FeFLOW groundwater
flow model of Kastoria alluvial aquifer was calibrated and validated using groundwater table meas-
urements; second, the RCM outputs were selected from the available source and bias-adjustment was
applied at each meteorological station based on the monthly data of the control period (1986-2005);
third, the bias-adjusted RCM outputs were used to simulate the projected period as the continuation
of reference simulation period (2000-2018) in order to assess the future hydrologic behavior of the
aquifer as well as its discharge to the lake; and fourth, the rest of the future hydrological components
of the basin’s water balance were calculated analytically using water balance and the hydrological
behavior of the important water systems of the basin was assessed.

The FeFLOW model was calibrated and validated with water table measurements taken at the
end of the wet and dry period by Gianneli (2009) and IGME (2010) during the 2004-2007 and by
Ministry of Agriculture 2013 during 2010-2011, respectively. The calibration procedure was imple-
mented in two steps: first manually and then via stochastics methods offered by the Parameter ESTi-

mation tool (Doherty, 2015). The selected RCMs were selected as worst-case scenarios, based on the



improvement made by the selected bias-adjustment procedure and on their ability to represent the
future climate change norms set for Greece, which are decrease in precipitation and increase in tem-
perature, as for most countries surrounding the Mediterranean (Tolika et al. 2012; Zanis et al. 2015).
The linear scaling method was selected for the bias-adjustment of the RCM outputs, due toit’s sim-
plicity and because it offers just as good as results with those offered by more complex methods when
come to monthly scale (Shrestha et al. 2017). For the hydrological analysis of the future projection
simulation runs, the model was set to run for the period of 2000-2018 as a reference period and 2019-
2078 as a projected period using the eight selected RCMs. The projected period was divided into
three twenty year-long sub-periods. The water balance regime of each water system was then evalu-
ated by constructing annual boxplots for each of the three sub-periods. A simplified flow chart shown

in Fig. 2, describes the general procedures followed in this study.
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Figure 2 - A flow chart of the general procedure used at this study
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3.2 RCMs Outputs

Dynamically downscaled air temperature and precipitation data were extracted from the future cli-
mate simulations of the EURO-CORDEX project. These simulations are based on three greenhouse
gas concentration scenarios, which were adopted by the Intergovernmental panel for Climate Change
at its 5th Assessment Report (AR5) in 2014. These representative concentration pathway (RCP) sce-
narios are the RCP 2.6, RCP 4.5 and RCP 8.5. All of the EURO-CORDEX RCMs are within the
European window (between ~27N-~72N, ~22W-—~45E) at a grid spacing of about 12.5 or 25 km and
are driven by several GCMs as their lateral boundary forcing fields, each one developed by a respec-
tive institute along with the corresponding RCM. This study used eight RCMs, four under RCP 4.5
and four under RCP 8.5 scenario. The summary of the selected models used in the present study is

given in Table 1.

Table 1 - Selected regional climate models for hydrological impact assessment in the Kastoria sub-

basin
RCP Institution - GCM RCMs Hereafter Name Reference
Skamarock et al.
IPSL-IPSL-CM5A-MR WRF331F IPSL-WRF-45
(2008)
Kupiainen et al.
MOHC-HadGEM2-ES RCA4 MOHC-RCA4-45
RCP 4.5 (2011)
MPI-M-MPI-ESM-LR REMO2009 MPI-R9-45 Jacob et al. (2012)
Kupiainen et al.
MPI-M-MPI-ESM-LR RCA4 MPI-RCA4-45

(2011)

CNRM-CERFACS-CNRM-  CCLM4-8- CNRM-CCLM4-  Rockel et al.
RCP 8.5
CM5 17 85 (2008)
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CCLM4-8- Rockel et al.

MPI-M-MPI-ESM-LR MPI-CCLM4-85
17 (2008)
MPI-M-MPI-ESM-LR REMO2009 MPI-R9-85 Jacob et al. (2012)
Kupiainen et al.
MPI-M-MPI-ESM-LR RCA4 MPI-RCA4-85

(2011)

3.3 Bias-Adjustment

The EURO-CORDEX-11 RCMs output represent daily values averaged within each grid cell at the
model resolution (~12.5 km) rather than local values that represent the exact meteorological condi-
tions. Nevertheless, the RCM outputs are prone to inherent systematic biases. According to
Teutschbein and Seibert 2012, RCMs need to be “corrected” through a bias-adjustment method.
Therefore, in order to use the RCM outputs in the hydrological modelling of the Kastoria basin further
adjustment was made on the extracted precipitation and temperature data.

A wide range of bias-adjustment methods are proposed and used. The simple methods alter the
RCMs ’results as little as possible (Graham et al. 2007a). The pros and cons of the most widely
applied simple bias-adjustment methods, namely the delta change and linear scaling, are presented
by Teutschbein & Seibert, 2012. In this case, the linear scaling method were used. This method ap-
plies a constant correction factor that is estimated by the difference between the RCM simulations of
the control period and the observations for each calendar month. Also, the variability of the adjusted
data is more consistent with the original RCM data (Graham et al. 2007b). The observed precipitation
and temperature at each station was compared to that of the nearest grid points of the RCM grid. This
assumes that the grid points are as a single station in the watershed. The adjustment procedures

adopted in this study are explained in the following equations:

P =P-AP
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Hm (P obs)

AP =
L‘m (PCOTltT)

T =T+ AT

AT = ﬂm(Tobs) — HUm (Tcontr)

where: P* is the bias-adjusted precipitation during the RCM scenario simulation; T* is the bias-ad-
justed temperature during the RCM scenario simulation; Pobs is the observed precipitation at each
meteorological station; Tons is the observed temperature at each meteorological station; Pcontr iS pre-
cipitation of the RCM’s control period; Tcontr IS the temperature of the RCM’s control period; P is the
raw RCM precipitation; T is the raw RCM temperature; um is the mean within monthly interval. The
subscripts obs and contr stands for the observed (or historical) and control period (1986-2005), re-
spectively.

3.4 Water balance model of lake Orestiada

Study of the water balance of Lake Orestiada, which is considered as a reservoir of steady state con-
ditions (4S=0), is necessary to understand the evolution of the Kastoria basin’s water balance. For

any given time, the water balance of a reservoir can be calculated by the following equation.

AS =Vy —Vour

where Viyand Vour are the total inflow and outflow volumes, respectively. More specifically, inflows
to the lake are the rainfall that falls to its surface (Vp) and the surface runoff (Vr) calculated using the
surface runoff coefficient, R=0.14, estimated by Vafeiadis (1983). The sub-surface runoff (V) values
are produced from the FeFLOW model simulations. The setup of the FeFLOW model is described in
a later section. Outflows from the lake include evaporation from its surface (Ve) and discharge
through the Gkioli stream to the Aliakmon River or the flow volume at the basin’s outlet (V). The

VE values were received from Local Land Reclamation Institutes. Thus, Vin equals Vp+Vr+Va and
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Vour equals Ve+Ve. Thus, the total outflow from the basin outlet (V) can be calculated from the

following equation.

Ve=Vp+Vgr+V,4—Vg
Climate change impact can be reflected by assessing the deviation of the calculated Vg value has
from the value of about 56x10° m® proposed by the current study, which is similar to those estimated
and observed (the latter from nine years ‘worth of data), 57.1x10° m*® and 61.33x10° m® by Sakkas
(2002) and Vafeiadis (1983), respectively. For example, the closer the calculated Vg is to reference
value the less the climate change impact to the water balance of the lake. In order to assess the impact
of potential climate conditions on the water resources of these systems annual boxplots were con-
structed for each selected RCM and each sub-period. The reference period in this case, in contrast to
the control period selected for the bias-adjusted of the RCM data, is 2000-2018, due to the unavaila-
bility of prior observed water table level data for the Kastoria aquifer. This reference period partially

overlaps with the control period of RCM data.

3.5 Description of Groundwater model

In the present study, the FeFLOW groundwater flow modelling system (Diersch and Kolditz 1998)
was used for the simulation of aquifer response in the study area. The Kastoria alluvial aquifer system
consists of fluvio-torrential alternating layers of permeable and impermeable material of generally
small thickness and spatial extent. The aquifer has been characterized as unconfined at previous stud-
ies. This is explained by the existence of strong interconnections between permeable layers. The
overall thickness of the aquifer exceeds 300m in most places but only the first 200m under being
abstracted. Thus, the Kastoria aquifer was simulated as 100m thick 2D unconfined aquifer. The ag-
uifer is mainly affected by water sources and sinks vertically. A more detailed description of the

hydrogeological system can be found in Vafeiadis (1983).
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3.5.1 Boundary Conditions

Boundary conditions govern the groundwater flow in an aquifer system. The boundary conditions of
the Kastoria aquifer are illustrated in Fig. 1. The Korissos karst system was not incorporated within
the simulation domain, due to data unavailability, but rather as a Dirichlet boundary condition with
flow constrains to limit the otherwise infinite flow. In addition, the Xiropotamos torrent was modelled
as fluid flux boundary condition using mean seasonal values of transmission losses derived from
monthly flow measurements taken by Gianneli (2009) during 2004-2007 at P1-P3 points. Finally, the
outflow of the aquifer to the lake was modelled with a 629.535m Dirichlet boundary condition con-
strained to estimated flow rates while the rest of the domain’s perimeter was simulated as locally

constrained fluid flux (Fig. 1).

3.5.2 Source/sink terms of groundwater

In the model, the source/sink factors represent groundwater recharge and discharge from boreholes,
all vertical to the model domain. At the Kastoria aquifer, the land-use pattern comprises of irrigation
fields, pasture and urban areas. Groundwater abstractions are the sole source of irrigation water. Also,
the groundwater level did not show any reduction since the 1980’s and has a mean depth of approxi-
mately 2m. Precipitation and irrigation abstractions have the biggest effect on groundwater and are
the dominant source/sink factor of the groundwater. The sink term is mainly irrigation. The irrigation
season at the Kastoria basin starts in May and ends in September. The volume of irrigation needs,
and therefore borehole abstraction water, were estimated using the Hargreaves-Samani equation (Har-
greaves and Samani 1985) for the reference evapotranspiration (ETo) multiplied with a crop factor
(K¢) according to the crop type, the effective rainfall (Allen et al. 1998). Specific Kc values and crop
types of the Kastoria basin were provided by the Greek Ministry of Agriculture (Koutsogiannis and
Xanthopoulos, 1989) and Greek Payment Authority of Common Agricultural Policy Aid Schemes

(OPEKEPE), respectively.
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3.5.3 Criteria for evaluation of the Kastoria aquifer groundwater model

In this study, model performance was evaluated using a number of statistical scores. R measures the
degree of linear relation between two variables. RMSE provides a measure on the ‘goodness of fit’
in regard to groundwater levels, while SDr measures the spread of the hydraulic head residuals across
the modelled domain. In addition, using the Student Distribution the statistical significance of simu-
lated results was also assessed for both the calibration and validation periods (476 and 64 data points,

respectively).

2 (sim; — obs;)?

n

RMSE =

2

[Z?=1 (sim,- — si_m) (obsi — oi)s)]

R= i :
\ i1 (Simi - Sim) - <obs,- - obs)
) -2
nTh, — (zm)
o7 nmn—-1

where h; are the residual hydraulic heads, h,. is the mean value of the residual heads, obs are the
observed hydraulic heads, obs is the mean value of the observed hydraulic heads, sim are the model

calculated/simulated hydraulic heads, sim in the mean value of the model calculated/simulated hy-

draulic heads and n is the number of scores.
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4. Results and Discussion

4.1 Groundwater flow model calibration

Prior to the future groundwater level simulation, calibration was carried out using historical water
table measurements for groundwater levels. The calibration was performed first through a trial and
error procedure which included hydraulic conductivity, storativity, groundwater abstraction rates,
groundwater recharge, inflow/outflow at the Xiropotamos torrent, outflow to the lake and the inflow
from the Korissos karst aquifer system, and then in an automated fashion with the PEST tool for the
same parameters but the last two. The values used in the models are calibrated according to the three
statistical criteria stated above and the observed data for groundwater levels in 2004-2007. The model
was verified with independent groundwater level data measured in 2010-2012. Overall, the yielded
statistical criteria for the calibration period are RMSE of 0.63 m, SD; of 0.45, and R of 0.94 while
for the validation period of 1.08, 0.64 and 0.89, respectively. This proves a strong correlation between
observed and simulated hydraulic head distribution. Finally, the results of the calibration and valida-

tion periods were statistically  significant at the 0.01  confidence level.

4.2 Bias-Adjustment Performance

The improvement made to the raw RCM data by the bias-adjustment procedure was assessed by
estimating Pearson’s correlation coefficient, R, (Spearman’s correlation coefficient for temperature,
Rs), standard deviation, SD, and root mean squared difference, RMSD. With regard to raw RCM
precipitation data, R ranged approximately between -0.12 and 0.14 for all selected RCMs while stand-
ard deviation ranged from 1.17 to 1.47. The corresponding RMSD ranged between 2.02 and 2.36
mm/day. All selected RCMs were found to underestimate standard deviation compared to that of the
observed data and, therefore, they indicate lower precipitation variation compared to that of the ob-

served data. The bias-adjustment improved correlation coefficient as it was increased at every case
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by 0.3-0.29 units. Data points that are found closer to the “observed” point indicate better represen-
tation of observed patterns. With regard to raw RCM temperature data, Rs ranged between 0.92 and
0.95, while standard deviation ranged between 6.71 and 7.83°C. The RMSD ranged between 2.52
and 3°C. Since correlation coefficient values of all selected RCMs in regard to raw temperature data
are similar, the best performance is presented by those whose standard deviation is closer to that of
the observed data. The bias-adjustment improved correlation coefficient as it was slightly increased
almost at every case. All RCMs were found to either underestimate or overestimate standard deviation
and, therefore, they indicate higher temperature variation compared to the observed. A detailed form
of the above metrics compiled for the raw and bias-adjusted RCMs precipitation and temperature data
for the control period of 19862005 are presented in Table S1 and Table S2, respectively. In addition,

the mean absolute error (bias) over the control period before and after the bias-adjustment procedure

is presented in the following table.

Table 2 — Mean Absolute Error (bias) over the control period for the Kastoria basin

IPSL- MPI-  CNRM-  MPI-  MPI-  MPI-
MAE WRF- R'\Q(ATZ é\gpi's RCA4- CCLM4- CCLM4 R9-  RCA4-
45 45 85 85 8 85
- Before Bias-ad- 49 49 50 50 48 49 50 50
a justment
Q. ias-adiust-
=3 After Bla‘s adjust 31 36 34 33 30 31 34 33
g ment (in mm)
2 R
S After Blas‘ adjust 38 27 32 33 -37 -36 -32 -33
ment (in %)
, 5 peforeBiesad © o4 116 115 111 151 122 115 111
= justment
S5 ias-adjust-
® g AfterBasadust .0 019 017 017 014 022 017 017
ment (in °C)

4.3 Quantification of Climate Change

The monthly bias-adjustments factors and terms between the observed and simulated variables during
the control period for each RCM were applied at each subperiod of the projected period for each
station. However, those RCMs that use the same control data have the same correction factors.

MOHC-RCA4-45 and MPI-RCA4-45/85 show relatively larger bias as compared to the other models
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in regard to precipitation at the Kastoria station while at the Vissinia station all models have relatively
the same bias factors. In respect to temperature, CNRM-CCLM4-85 and MPI-CCLM4-85 are the
most biased which present higher bias values during summer in contrast to the rest of the models
whose stronger bias is found during the rest of the year. Also, low altitude stations present in relatively
strong bias with a mean value of 1.35, most of the higher values are found at the summer period while
higher altitude stations present even greater bias in total with a mean value of 1.97, where most mod-
els present their bulk bias during the winter period. This is a result of different lateral boundary forc-
ing, parameterization, discretization and altitude difference between the model orography used at the
RCMs and the actual altitude of each station and poses one source of uncertainty. Bias at RCMs
outputs resulting from different GCM forcing were assessed in detail by Jacob et al. (2007) while
biases and their relationship to orography for EURO-CORDEX were assessed in detail by Matiu et
al. (2020), which included GCM and reanalysis driven EURO-CORDEX RCMs. For clarity, the
monthly correction factors for two precipitation stations and one for temperature are shown in Table

S2.
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Figure 3 - Spatially averaged monthly changes in precipitation over the control period in the
Kastoria Basin for RCP 4.5 (left column) and RCP 8.5 (right column).
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Figure 4 - Spatially averaged monthly changes in temperature over the control period in the

Kastoria Basin for RCP 4.5 (left column) and RCP 8.5 (right column).
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The monthly changes in the bias-adjustment results for the entire basin are presented in Table S4.
From Figure 3 on seasonal average, the RCP 4.5 models showed decrease in precipitation mainly
during winter, spring and summer ranging from 3.83 to 37.94%, with decreasing trend towards the
end of century — with the exception of model IPSL-WRF-45 which shows mainly increase by 0.47 to
12.03% during spring and summer - while during autumn mainly a moderate increase is shown rang-
ing from 2.11 to 43.1% towards the end of century. The RCP 8.5 models showed decrease in precip-
itation during the whole year ranging from 0.09 to 46.83%, with decreasing towards the end of cen-
tury — with the exception of model CNRM-CCLM4-85 which shows increase by 9.69 to 12.74%
during autumn. In regard to temperature, on seasonal average from Figure 4, the RCP 4.5 models
showed increase during the whole year ranging from 0.77 to almost 2°C towards the end of the cen-
tury — with the exception of model MOHC-RCAA4-45 which shows decrease by 1.89 to 0.55°C during
autumn. It also shows the largest increase of all the models by 0.06 to almost 6°C during the rest of
the year, which is double that of the other RCP 4.5 models. The RCP 8.5 models showed a decrease
ranging from 0.01 to almost 2°C mainly in winter and spring of the first sub-period while towards the
end of the century they generally maintained an increase ranging from 0.34 to 4.17°C throughout the

year.

4.4 Impact of potential future climate conditions on the important water systems of the Kastoria basin

4.4.1 Potential Climate Change Impact at the Korissos karst system

Annual temporal variation of infiltrated water amount at Korissos karst system was assessed for the
three sub-periods and compared to the median annual infiltrated amount of the reference period,
which is 6.13x10°m?. The general point of the results illustrated in Fig. 3 is that the infiltrated amount
and therefore the stored water amount in the karst system is expected to be significantly decreased

towards the year 2078.
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When comparing the temporal change of annual infiltrated amount for each selected model, different
trends are indicated. Most models yield slight increase during the first sub-period, in the range of 2.12
to 7.50% (the larger increase values are found at two of the models under RCP 4.5 namely IPSL-
WRF-45 and MOHC-RCA4-45 while the increase the models under RCP 8.5 present is less than 5%)
in contrast to the other two sub-periods where slight to moderate decrease can be noticed ranging
from 5.22 to 21.21%, compared to the reference period. Comparing the mean annual values of the
median of RCMs between each RCP, it is presented that there is a decrease of 1.63, 10.69 and 2.9%,
respectively for each sub-period for the RCP 4.5 models and decrease of 1.02, 9.14 and 15.66%,
respectively for each sub-period for the models of RCP 8.5. Model IPSL-WRF-45 constitute the ex-
ception of the general trend all the other models follow. It presents an almost constant increase. Model
CNRM-CCLM4-85 shows a slight increase only during the second sub-period despite showing a
substantial decrease in the two other sub-periods but in total it does follow the decreasing trend of the
other models. Consequently, the reduced precipitation will decrease the infiltrated amount at the
Korissos karst system towards the end of the century.

Apart from the impact at the karst system storage, the impact on the lateral flow at the sub-surfaced
interface between the karst system and the neighboring alluvial aquifer of Kastoria must also be as-
sessed to maintain the already positive water balance of the aquifer as stated at the Water Resources
Management Plans of Water District GR09. The interface provides a steady flow flux towards the
aquifer at all times, as mentioned earlier. The corresponding water amount of this steady flux is ap-
proximately equal to 2.6x10°m? per year, which is an amount far lower than the projected infiltrated
water in the Korissos karst system. This ensures that the interface will recharge the aquifer with same

amount of water that it does in the reference period.
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Figure 5 - Box-plots of total annual infiltrated precipitation amount (x10°m?) variation for the
Korissos karst system forced by the eight selected RCMs for the periods 2019-2038, 2039-2058 and

2059-2078
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4.4.2 Potential Climate Change Impact at the alluvial aquifer of Kastoria

Annual temporal variation of the subsurface runoff received as inflow by the lake was assessed for
the three sub-periods and compared to the median subsurface runoff of the reference period, which is
36.98x10°m? and the results are illustrated in Fig. 6. The general point of the results is that subsurface
runoff reduces throughout the projected period compared to the observed period, since the increase
of the projected irrigation demand and reduced projected precipitation lowers the amount of outflow

to the lake.

For most of the models the Qs value is found below that of the reference data, which is an indicator
of decrement in sub-surface runoff. Comparing the mean annual values of the median of RCMs be-
tween each RCP, it is presented that there is a decrease of 3.6, 9.17 and 5.5%, respectively for each
sub-period for RCP 4.5 and decrease of 8, 8.71 and 8.21%, respectively for each sub-period for RCP
8.5.

When comparing the temporal change of the median value for each selected model, similar trends are
indicated. All models present reduction of subsurface runoff in total during all sub-periods compared
to the reference one. The strongest decrements are presented by models MOHC-RCA4-45 and MPI-
RCAA4-85, which are double the decrements of the other models. Model IPSL-WRF-45 presents the
weakest decrease of all the models, while it’s the only model that presents any increase during the
first sub-period despite being a slight one of 1.14%. Also, models MPI-RCA4-45 and CNRM-
CCLM4-85 present no climate change impact during the third and final sub-period. As a consequence,
the increased irrigation water demand and reduced precipitation will decrease the water amount of
subsurface runoff to the lake towards the end of the century for most models while, as mean annual
values, between the models of each RCP a constant decrease is shown. Also, the intensification of
the irrigation pumping results in a large depression cone located at the boreholes of the public irriga-

tion network (Fig. S1).
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Figure 6 - Box-plots of annual sub-surface runoff amount (x10°m?>) variation at Kastoria sub-basin
according to the simulated FeFFLOW results forced by ten selected RCMs for the periods 2019-
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4.4.3 Potential Climate Change Impact in Lake Orestiada outflow

In order to evaluate the total outflow of the basin in response to climate change the rest of the water
balance components of the lake were also forced by 60 year of bias corrected RCM outputs up to year
2078. Annual temporal variation of the outflow from Kastoria lake to Gkioli stream was assessed for
the three sub-periods and compared to the median of total annual outflow of the reference period,
which is 55.96x10°m?®. Mean annual values of the water balance components of the lake are presented
at Table S4. The general point of the results illustrated in Fig. 7 is that this specific outflow reduces

throughout the projected period compared to the observed period.

For most of the models the Qs value is found below that of the reference data, which also means a
moderate decrease in total runoff. Comparing the mean annual values of the median of RCMs be-
tween each RCP, it is presented that there is decrease of 7.28, 23.1 and 13.66%, respectively for each
sub-period for RCP 4.5 and decrease of 8.48, 16.22 and 20.47%, respectively for each sub-period for
RCP 8.5.

When comparing the temporal change for each selected model, similar trends are indicated. All mod-
els present constant reduction of total runoff throughout the projected period compared to the refer-
ence one with the exception of the IPSL-WRF-45 model for the first and third sub-period as it shows
an increase of 5.49 and 6.14%, respectively while for the second shows a similar decrease to almost
all of the other models. The strongest decrements are presented by models MOHC-RCA4-45 and
MPI-RCA4-85, which are double the decrements of the most other models. Consequently, reduced
sub-surface runoff and reduced precipitation and increased evaporation will decrease the water
amount of total runoff to the lake towards the end of the century for most models while between the

models of each RCP a constant decrease is shown.
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4.5 Discussion on Uncertainty and Further Considerations

In the present study, different FeFLOW simulations and water balance estimations of Lake Orestiada
are presented, derived from eight RCMs forced by five different GCM lateral boundary conditions.
However, various uncertainties exist in using RCMs for hydrological impact assessment that require
further considerations. The major sources of uncertainties regarding future climate models are char-
acterized as ‘cascaded ’(Giorgi 2006) which are not necessarily additive or multiplicative but are inter-
dependent (New and Hulme 2000). This ‘cascaded uncertainty’, as it has been characterized, can be

summarized into four groups (Xu et al. 2005).

e The first is related to the choice of climate scenarios, in this case the EURO-CORDEX en-
semble with the RCP 4.5 and RCP 8.5. Different scenarios can yield to different predictions
of the hydrological component (Samaniego et al. 2017, Vetter et al. 2017, Pechlivanidis et al.

2018, Kiesel et al. 2020).

e The second, depending on the climatic gradient, as the choice of the forcing GCM-RCM as
well as their number, which are generally considered to be the largest sources of uncertainty
as concluded by many studies (e.g Dankers et al. 2014; Hattermann et al. 2017, Vetter et al.
2017, Samaniego et al. 2017, Pechlivanidis et al. 2017). Simulation biases are a combination of
both GCM and RCM biases arising from a number of sources. There are general systematic biases
in the ensemble set of EURO-CORDEX, and simulations have collective differences from obser-
vations. For example, the median of the simulations is generally colder and wetter than observed
across Europe. Also, gridded observations suffer from large uncertainties due to the gridding
scheme, station density, scale of variability, and measurement errors. Reanalysis datasets suffer
from model biases or low spatial resolution (Vautard et al. 2020).

e The third source of uncertainty is related to the downscaling of large-scale climatology to

regional-scale climatology appropriate for hydrological impact assessment. In this study, the
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linear scaling bias-adjustment method was applied to dynamically downscaled RCMs of the
EURO-CORDEX project. Teutschbein and Seibert, 2013, suggest the distribution mapping
method as the best-performing correction method. However, in addition, they suggested that
their results are yet to be validated at other catchments beyond of those they studied and other
geographic regions that have different climate characteristics. In support of that, Shrestha et
al. (2017) have come to the conclusion that the linear scaling approach is just as effective as
quantile mapping when hydrological analysis comes at coarser temporal resolution of monthly

scale.

The fourth is related to the parameters and structure of hydrological and climate models and
the validation of their results. For example, the inherent nature of hydrological modelling
signifies that the model performance of a given hydrological model varies among sites, as
comprehensive tuning and validation are often not possible due to lack of high-resolution
and/or long-term time-series input data, comparably high computation costs, which processes
each model includes in their modelling scheme and how good they can approximate it. This
uncertainty, if not proper care is taken, and by interpreting the final results for further usage
(Vetter et al. 2017, Hattermann et al. 2017, Krysanova et al. 2018, Hundecha et al. 2020,

Matiu et al. 2020).

Quantitative determination of all the uncertainty factors is a long-standing research topic in climate

change and climate change impact assessment. The propagation of individual uncertainty factors up

to the final hydrologic impact study has been evaluated in various studies (e.g Lee et al. 2016; Hat-

termann et al. 2017; Kim et al. 2019). It is noted that emissions scenarios and climate models in

general have their own limitations, as there the global socio-economic systems cannot be predicted

and, therefore, the actual evolution of the climate in the future still remains in question. In future

research, most of the above limitations will be alleviated, first, by conducting research dedicated to

RCMs and bias-adjustment methods and, second, by setting up an elaborate integrated hydrological
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model of the entire basin, that still takes into account the hydrological characteristics of each for-
mation of the Kastoria basin, fed with observed and remote sensing data in order to model delicate

and important processes such as crop growth and snow melt.

5. Conclusions

This study presents the possible climate change impacts in precipitation, air temperature and in the
water balance of the Kastoria basin close to the end of this century (2078) using the eight EURO-
CORDEX RCMs. The linear scaling bias-adjustment method was applied to the RCM precipitation
and temperature data. Precipitation decreases while temperature increases, mainly during spring and
summer. The FeFLOW model of the Kastoria aquifer was successfully calibrated and validated based
on observed water table level and weather data. The simulation results of the projected showed re-
duced sub-surface flow towards the lake and a large drawdown at the boreholes of public irrigation
network during the summer season that recovers during the rest of the year. This is due to the reduc-
tion in precipitation but mainly due to the increased irrigation pumping during the summer season.
Future climate conditions ensure that the Korissos karst system interface will still provide the Kasto-
ria aquifer with same amount of water that it does today. In regard to the water balance of the lake,
the decrease in sub-surface flow and direct precipitation recharge along with increased evaporation
will cause a moderate decrease in total outflow at the outlet of the basin towards the end of the century
for all models, with the exception of the results forced by the ISPL-WRF-45 model according to
which the total outflow volume will only slightly decrease. In total, small to moderate total runoff
reduction is presented by almost all models approximately by 15% in average in both RCPs, however,
this will not severely decrease the already ample amount of total runoff to the point that the water

level of lake Orestiada will start to decrease even with proper management.
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