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ABSTRACT
The Mediterranean region is predicted to be highly impacted by climate change and the availability of
water resources is expected to decrease. This study aims to assess the potential impact of climate change
in an aquifer located in Northeastern Greece, for the period 2041-2070. For this, climate data from three
Regional Climate Models (RCMs) were bias-corrected using the Cumulative Distribution Function (CDF)
method, based on historical data for the period 1981-2000. The bias-corrected data are fed to the SWAT
model, in order to calculate monthly groundwater recharge values, which were then inputted to the
MODFLOW model to predict future groundwater level distribution. The performance of the CDF
correction method was assessed. The results indicate a significant increase in both maximum and
minimum temperature and decrease in precipitation. In addition, groundwater recharge was found to
decrease and groundwater abstractions to increase, leading to a subsequent decrease in groundwater
level.
Keywords: Climate change, groundwater modeling, groundwater recharge, MODFLOW, Greece

1.

Introduction

Referred to as one of the planet’s hot spot in climate change (Giorgi, 2006), the Mediterranean region is
expected to suffer during the current century a decrease in water resources due to climate change; this
is due to the predicted above average temperature increase and annual precipitation decrease, with
fewer wet days and drier summers (IPCC, 2007). Consequently, warmer and dryer conditions are also
expected for Greece (Tolika et al., 2012). Groundwater availability is expected to significantly decrease in
arid and semi-arid areas because of the subsequent reduction in river flows and groundwater recharge
resulting from precipitation and temperature changes. Even deep groundwater systems can be affected
by climate stresses (Seeboonruang, 2014). Climate change assessment studies in water resources across
the Mediterranean region are limited and most times concentrating on climate change impacts in large
river watersheds (Lespinas et al., 2010). However, the need is generally acknowledged for relatively smallscale impact research at the regional and even local level (MED EUWI Secretariat, 2008); this is particularly
true for the Mediterranean region where small river watersheds are dominant. This would ensure higher
resolution in assessment of climate change impacts on water systems and installation of mitigation
measures, as regional climate modeling results will be combined with regional and local water quantity
and quality data.
In general, the modern approach of assessment of climate change impacts on water resources
incorporates the use of water resources models (Pechlivanidis et al., 2011; 2015; Panagopoulos et al.,
Pisinaras V. (2016), Assessment of future climate change impacts in a Mediterranean aquifer, Global NEST Journal, 18(1),
119-130.
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2014; Roy et al., 2015; Sarkar, 2015). The steps that are usually followed in such studies include the
selection of climate change scenarios from a Global Circulation Model (GCM) or Regional Climate Model
(RCM) and the subsequent (if needed) downscaling of GCM or RCM climate data, which are then input
into calibrated water resources models and the simulation results for future climate conditions are
compared to historical data. Considering all the above and based on one-way coupling of SWAT (Arnold
et al., 1998) and MODFLOW (McDonald and Harbaugh, 1988) models, this article aims to: (a) investigate
the performance of the CDF bias-correction technique for RCMs climate parameters extensively used in
hydrological modeling (i.e., precipitation, minimum temperature, maximum temperature); (b) investigate
the quantitative impacts of raw RCM climate data usage in groundwater recharge estimation; (c) assess
future climate trends; and (d) investigate future trends in groundwater recharge and groundwater level,
and assess climate change threats in the aquifer of the study area.
2.

Materials and methods

2.1. Study Area Description
The study area is in the Kosynthos river watershed, which is located in northeastern Greece and covers
an area of about 440 km2 (Figure 1). The watershed includes mainly a mountain terrain and agricultural
areas, as well as urban areas. The Kosynthos River has a total length of about 52 km and discharges in the
Vistonis lagoon, which is a valuable wetland protected by the Ramsar Convention. Kosynthos’s
quantitative and qualitative characteristics have been presented in detail by Pisinaras et al. (2007). The
northern part of Kosynthos watershed consists mainly of old metamorphic rocks, while the southern part,
mainly by igneous rocks, together with quaternary sediments (Pisinaras et al., 2007).
The most significant aquifer system of the Kosynthos River watershed is the one extending from southeast
of the city of Xanthi to Vistonis Lagoon (Figure 1). The Kosynthos River aquifer constitutes the major
source of water for the satisfaction of irrigation needs. The last decades, the intensive agricultural
activities developed in the study area, have resulted in the construction of more than 500 groundwater
wells used for irrigation of about 70 km2 of agricultural land. The hydrogeological conditions and a
conceptualization of this aquifer system were presented by Pisinaras et al. (2013), who also indicated the
high heterogeneity of the aquifer system and the relatively clear seasonal pattern of groundwater level
fluctuation. The critical lateral inflows of water with high salt content from the southeastern part of the
study area are also a fact. These lateral inflows are observed mainly in the summer, during the irrigation
period, because the groundwater level falls below mean sea level (amsl), and are of major concern, as
they increase the potential of groundwater quality deterioration.
According to Pisinaras et al., (2013), the major groundwater sink for the study area aquifer are the
abstractions of groundwater for the satisfaction of irrigation needs. Corn is the dominant crop in the study
area, covering 49% of the agricultural land, followed by wheat and cotton, which cover 24.5% and 11.5%,
respectively. Other crops are alfalfa, tomato and tobacco.
Despite the fact that a relatively dense groundwater level monitoring network (Figure 1) was established
by Pisinaras et al., (2013), in which monthly groundwater level measurements were conducted for the
period 2004-2007, the study area aquifer lacks of groundwater level time series for the previous period.
The only available groundwater level data for the period 1981-2000 (referred hereafter as reference
period) are monthly values for the period 1989-1992 in two monitoring wells (“23” and “164”, Figure 1)
which are used in Section 3.3 for future groundwater level comparison.
2.2. Meteorologic-climatic Data and Bias Correction
One of the most critical parameters in climate change impact studies is the reliability of the observed
historical climate data. Therefore, data from several meteorological stations were tested and finally data
from the “Tobacco Research Station” meteorological station was considered as most reliable and used for
the purposes of the study. The period “1981-2000” was considered as the one with the most reliable data
for precipitation, and minimum and maximum temperature.
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Xu et al., (2005), and Fowler et al., (2007), reviewed climate data downscaling methods and techniques
for hydrological modeling, concluding that there is generally no clear evidence to propose a specific
downscaling technique or method (dynamic or statistical) as better for use in hydrological and water
resources management studies. As the availability of re-analysis driven RCM simulations is increasing, the
combination of both downscaling methodologies is suggested for climate change impact studies (Turco
et al., 2011).

Figure 1. Location map of the Kosynthos River watershed
With this in mind, climate data from the ENSEMBLES project was extracted, where state-of-the-art RCMs
were used to produce regional simulations at a 25 km resolution (van der Linden and Mitchell, 2009).
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These regional simulations were driven by ERA-40 reanalysis data (Uppala et al., 2005) for the control
period and by several GCMs under the SRES A1B socio-economic scenario, which is a moderate scenario
concerning CO2 emissions. Among the various models of the ENSEMBLES project, and depending on
availability, data for the periods 1981-2000 and 2041-2070 were used from the following three RCMs:


HI-AR (Haugen and Haakensatd, 2005), developed by the Danish Meteorological Institute (DMI)
and driven by ARPEGE GCM for the A1B scenario (HI-AR).



RA-EC (Van Meijgaard et al., 2008), developed by the Koninklijk Nederlands Meteorologisch
Instituut (KNMI), driven by ECHAM5 GCM for the A1B scenario (RA-EC).



RE-EC (Jacob, 2001), developed by the Max Planck Institute for Meteorology (MPI) and driven by
ECHAM5 GCM for the A1B scenario (RE-EC).

One of the most successfully applied bias-correction methodologies for impact assessment in hydrological
processes is the application of transfer functions, extracted from the Cumulative Distribution Functions
(CDFs) of observed and simulated meteorological parameters values. The aim of these methods is to
match observed and simulated CDFs for each meteorological parameter. The approach of Ines and
Hansen, (2006), for precipitation bias correction is used in this study, which has been effectively applied
in previous climate change hydrological effect assessment studies (e.g., Grillakis et al., 2011; Samuel
et al., 2012). In brief, this bias correction method relies on a two-steps procedure, in which the
precipitation frequency distribution is corrected and then the intensity distribution, for each of the twelve
calendar months. This method is based on the principle that, when the bias of precipitation frequency
and intensity are corrected, the monthly total precipitation will also be corrected, as the mean
precipitation for each month results by dividing the mean intensity by the mean frequency.
According to the precipitation frequency correction procedure, the empirical CDF of raw RCM data is
truncated in a threshold value, in order to match the mean frequencies of observed and RCM
precipitation. Concerning the precipitation intensity correction, and according to Ines and Hansen (2006),
the first step is to fit two-parameter gamma distributions to the observed and truncated RCM
precipitation data for each of the 12 calendar months, while the second step is to map the CDF of
truncated RCM daily data to the CDF of the observed data.
The bias correction for minimum and maximum temperature of RCM was performed in a similar way, as
described by Rao and Hamed (2000). Due to the fact that there was no need for frequency distribution
correction, the empirical CDF of raw RCM temperature data was not truncated, thus all temperature data
was used in the correction processes. Moreover, as normal distribution fits better to temperature data,
this distribution was used to map minimum and maximum temperature distributions instead of gamma
distribution used for precipitation.
2.3. Irrigation Needs, Groundwater Recharge and Groundwater Flow Modeling
Monthly irrigation needs were estimated as the difference between crop water need and effective rainfall
(Food and Agriculture Organization-FAO 1986). Crop water needs were estimated by multiplying the crop
reference evapotranspiration calculated with the Blaney-Criddle method (Blaney and Criddle, 1950) with
a crop factor (usually expressed as Kc) according to the crop type. Specific Kc values are provided for Greece
by the Greek Ministry of Agriculture (Koutsogiannis and Xanthopoulos, 1999). The effective rainfall (Pe)
was calculated in relation to monthly rainfall (P) according to the following equations (FAO, 1986):
Pe = 0.8P - 25 if P > 75 mm/month

(1)

Pe = 0.6P - 10 if P < 75 mm/month

(2)

SWAT and MODFLOW models were used in order to assess climate change effects on both surface water
and groundwater. Those models have been previously applied in several climate change impact
assessment studies on hydrological systems (e.g. Woldeamlak et al., 2007; Pisinaras et al., 2014). As the
present study focuses on groundwater, SWAT was applied to the Kosynthos River watershed as a
groundwater recharge calculation tool. The SWAT model was calibrated and verified for Kosynthos river
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watershed by Pisinaras et al. (2010). The basin was discretized in 32 sub-basins and 132 Hydrologic
Response Units (HRUs), while river flow and nitrate and phosphorus loads were calibrated and verified at
four monitoring stations using measured data. Moreover, several land use and crop management
scenarios were tested. The ability of this SWAT model application to estimate monthly groundwater
recharge volumes was tested by Pisinaras et al. (2013). Moreover, a one-way coupling of SWAT model
with MODFLOW was developed in the aforementioned study, to input groundwater recharge calculated
using SWAT model into MODFLOW. This one way coupling approach was tested under several
management scenarios, some of which were related to groundwater recharge and groundwater level
response to nine short term hypothetical climate change scenarios.
3.

Results and discussion

3.1. Bias Correction and Future Climate Trends
The results of bias-correction methodology applied in RCM data for precipitation, maximum temperature
and minimum temperature data are illustrated in Figure 2.

Figure 2. CDFs diagrams of observed, raw RCM and bias-corrected RCM precipitation data
With regard to precipitation, HI-AR and RA-EC illustrate a general trend to underestimate daily
precipitation, while RE-EC tends to overestimate monthly precipitation. Among the three RCM-GCM
combinations, HI-AR demonstrates a better matching to the observed precipitation, as observed and raw
data CDFs are very close (Figure 2). Moreover, a significant correction of precipitation CDFs for all RCMs
has been achieved, with better matching of observed and bias-corrected CDFs demonstrated by HI-AR
(Figure 2). Despite the obvious correction in CDF of all RCMs, a discrepancy is still observed in maxima,
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which can be attributed to errors incorporated by the gamma distribution fitting. The RCM-GCM raw
maximum temperature data comparison (Figure 2) reveals a better matching to observed data for the REEC, while the other two underestimate maximum temperature in a similar trend. Comparing raw RCMGCM data to observed minimum temperature, RA-EC seems to approximate better the observed data,
with the other two overestimating the minimum temperature. A satisfactory matching has also been
achieved between observed and bias-corrected monthly maximum and minimum temperatures.
The overall assessment of the bias-corrected precipitation and temperature data for the period 20412070 presented in Table 1, demonstrates a significant decrease in precipitation during spring and summer,
while both minimum and maximum temperatures are increased for all seasons. Despite the common
trend, a significant variation in the degree of change for certain parameters and seasons is observed
between the three RCM-GCM combinations.
Table 1. Seasonal variation of precipitation and minimum and maximum temperature for the period 20412070 and differences compared to the period 1981-2000.
1981-2000
Season

Observed

Winter
Spring
Summer
Autumn

216.7
148.4
89.1
146.8

Season

1981-2000
Observed

Winter
Spring
Summer
Autumn

-0.1
6.8
17.5
9.0

Season

1981-2000
Observed

Winter
Spring
Summer
Autumn

9.8
18.1
30.3
21.0

Precipitation (mm)
2041-2070
% ΔP
% ΔP
HI-AR
RA-EC
HI-AR
RA-EC
197.2
-9.0
237.9
9.8
110.6
-25.4
128.1
-13.7
16.3
-81.7
30.7
-65.6
139.1
-5.2
153.3
4.5
o
Minimum Temperature ( C)
2041-2070
HI-AR
ΔΤ
RA-EC
ΔΤ
HI-AR
RA-EC
3.1
3.2
2.8
2.9
8.8
2.0
9.0
2.2
23.0
5.5
19.9
2.4
13.2
4.2
11.7
2.7
Maximum Temperature (oC)
2041-2070
HI-AR
ΔΤ
RA-EC
ΔΤ
HI-AR
RA-EC
14.5
4.7
13.2
3.4
21.7
3.6
21.5
3.4
36.8
6.5
34.0
3.7
26.0
5.0
23.8
2.8

RE-EC
226.2
127.0
53.5
154.3

RE-EC
1.6
7.3
18.2
10.5

RE-EC
11.9
19.6
32.3
22.5

% ΔP
RE-EC
4.4
-14.4
-39.9
5.1

ΔΤ
RA-EC
1.7
0.5
0.7
1.5

ΔΤ
RA-EC
2.1
1.5
2.0
1.5

More specifically, HI-AR RCM exhibits the strongest climate change signal with precipitation decreasing
significantly for all seasons and average maximum temperature increase varying between 3.6 and 6.5 °C,
for spring and summer, respectively. Similarly to maximum temperature, an increasing trend is observed
for minimum temperature for all seasons, ranging between 2.0 in spring and 5.5 °C in summer. According
to RA-EC bias-corrected climate data, precipitation tends to significantly decrease in summer (by 65.6 %)
and spring (13.7 %), and moderately increase during winter (by 9.8 %) and autumn (4.5 %). Maximum and
minimum temperature exhibits an increasing trend for all seasons, but seasonal temperature increment
ranges are smaller than those of HI-AR RCM. Finally, RE-EC RCM presents a precipitation change pattern
similar to that of RA-EC RCM, according to which summer and spring precipitation are decreased by 39.9
and 14.4 %, respectively, and winter and autumn precipitation are slightly increased by 4.4 and 5.1 %,
respectively. The temperature increase, both for maximum and minimum temperature, is lower than the
other two RCM-GCM combinations, with average maximum temperature change varying from 1.5 to 2.1
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°C and average minimum temperature change varying from 0.5 to 1.7 °C, for spring and summer,
respectively.
3.2. Impact of future climate conditions on groundwater recharge
In here, a comparison of SWAT simulated groundwater recharge for observed meteorological data, as well
as for raw and bias-corrected meteorological data for the reference period is firstly made (see Figure 3).
The large discrepancies between observed and raw RCM-GCM precipitation are reflected in groundwater
recharge, with RE-EC significantly overestimating groundwater recharge during winter and spring and RAEC underestimating groundwater recharge during winter. The bias-correction of precipitation and
minimum and maximum temperatures provides simulated seasonal groundwater recharge values, which
are, on the median, very close to the seasonal groundwater recharge that resulted from simulation with
observed meteorological data. This is particularly observed in winter and spring (Figure 3); however, there
are still some differences in groundwater recharge that could be attributed to the differences in temporal
patterns of daily precipitation. More specifically, despite the fact that, on the average and on an annual
basis, bias-corrected wet spells and average maximum precipitation of RCM bias-corrected data are very
close to those of observed data, the temporal sequencing, as well as precipitation intensity of those within
a month or a season may vary significantly, resulting, subsequently, in variation in the more complex soil
water balance and, thus, in groundwater recharge. Even wet spells of equal duration and precipitation
intensity may affect soil water balance in a different way when intervening dry spells are of different
duration, thus resulting in different groundwater recharge quantities.

Figure 3. Seasonal groundwater recharge simulated by SWAT model during the reference period for
observed, raw RCM (Raw) and bias-corrected (BC) RCM precipitation and temperatures data
The seasonal groundwater recharge fluctuation predicted using the bias corrected meteorological data of
the three RCMs for the period 2041-2070, is shown in Figure 4. In general, the future simulated seasonal
distribution of groundwater recharge indicates a considerable reduction in spring, while in winter the
variation differs between the three models, with HIRHAM, on the average, indicating significant decrease
and the other two models indicating increased groundwater recharge. More specifically, groundwater
recharge simulation results with HI-AR meteorological data demonstrates a considerable decrease in
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groundwater recharge for all seasons, with the median seasonal groundwater recharge being decreased
by 11 mm or 38% for winter, by 14 mm or 44% for spring, and by more than 60% for summer and autumn.
According to groundwater recharge simulation results with RA-EC and RE-EC meteorological data, winter
groundwater recharge is presented increased by 11 mm (or 38%) and 9 mm (or 31%), respectively, while
the other seasons demonstrated decreased groundwater recharge. These results come in agreement to
seasonal precipitation change, as presented in Table 1, thus indicating the expected direct relation
between precipitation and groundwater recharge variation patterns. Focusing on winter and spring, which
is the period with most significant amounts of groundwater recharge for the study area, HI-AR results
indicate a considerable decrease in groundwater recharge, RA-EC results demonstrate a slight increase,
while RE-EC present a slight decrease.

Figure 4. Seasonal fluctuation of groundwater recharge for the period 2041-2070
3.3. Impact of future climate conditions on groundwater level
The predicted annual irrigation needs for the period 2041-2070 are found to be significantly higher
compared to the annual average for the period 2004-2007 (31.5*106 m3), reported by Pisinaras et al.
(2013). More specifically, irrigation needs as calculated with the HI-AR meteorological data were found to
be increased on average by 30.4% for the period 2041-2070, while according to calculations performed
with the RA-EC and RE-EC meteorological data the irrigation needs were found to be increased by 22.9
and 4.2%, respectively. These increments in irrigation needs are attributed to the simultaneous decrease
in summer precipitation and increase in temperature, which respectively, decrease effective rainfall and
increase crop reference evapotranspiration.
These estimated irrigation quantities as well as groundwater recharge values were input in the MODFLOW
model in order to estimate their impact on groundwater levels. The average annual groundwater level
variation for the period 2041-2070, as simulated with MODFLOW model, is presented in Figure 5,
separately for the east and the west part of the study area; the boundary of the two parts is illustrated in
Figure 1. Except from RE-EC, a decreasing trend in average annual groundwater level is predicted for the
entire study area. The predictions based on HI-AR data, show groundwater levels about 0.7 m lower than
the other two models. This fact demonstrates the effects of the higher irrigation needs and lower
groundwater recharge predicted with HI-AR RCM bias-corrected data on groundwater level, in
comparison to the other two models. Moreover, due to the fact that negative groundwater levels are
dominating in the eastern part of the aquifer, significant lateral inflows of groundwater with high salt
content are expected which are potentially increasing the risk for groundwater quality deterioration. The
predictions of groundwater level based on RE-EC data, demonstrate a mild increasing trend both for the
east and west part of the study area. Taking into account that for the period 2041-2066 the trend is
decreasing, the increasing trend indicated for the period 2041-2070 could be attributed to the significantly
increased groundwater level values simulated during the period 2067-2069, which affect the overall
trend.
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Figure 5. Annual groundwater level temporal variation for the a) west part and b) the east part of the
study area aquifer
A comparison is made between average groundwater levels in wells “23” and “164” (Figure 1) for the
periods 1989-1992, 2004-2007 and the 4-year moving average of groundwater level data for the period
2041-2070. The times with higher (early April) and lower groundwater levels (late August) were chosen
for the comparison, and the results are illustrated in Figure 6.

Figure 6. 4-year moving average groundwater level comparison for a) monitoring well “23” in April, b)
monitoring well “164” in April, c) monitoring well “23” in August, and d) monitoring well “164” in August
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The increased irrigation needs of period 2041-2070 result in significantly decreased groundwater levels at
the end of the irrigation period (late August), much below the 4-year average of periods 1989-1992 and
2004-2007. The 4-year moving average groundwater level variation is slightly different for the April. For
monitoring well “164”, groundwater level variation for the period 2041-2070 is higher than the period
1989-1992 average, but lower than the period 2004-2007 average, indicating that the lateral groundwater
inflows are replenishing a significant amount of the groundwater abstractions for irrigation. For
monitoring well “23”, located in the eastern part of the study area, the 4-year moving average
groundwater level is mainly under the averages of periods 1989-1992 and 2004-2007, illustrating once
again the effects of increased groundwater abstractions on groundwater level.
3.4. Limitations of this study
An assumption is made that land use will remain constant for the period 2041-2070, as well as the number
of groundwater wells. This assumption is not unrealistic since: (a) groundwater well density is already
high, and is not expected to significantly change in the future; and (b) the study area is traditionally an
agricultural area. Groundwater level time series used in order to compare simulated groundwater level
fluctuation for the period 2041-2070 to observed historical data are limited to two 4-year periods in two
monitoring points. Nevertheless, those two 4-year periods are covering different time spans (1989-1992
and 2004-2007), while the two monitoring points are far from each other and are indicative of different
parts of the study area aquifer. The results presented above are based on the assumption that hydraulic
head fluctuation in head-dependent boundary conditions remains constant through the period 20412070. However, this was an assumption that had to be made, since there was no well justified way to
predict head fluctuation in head dependent boundaries.
4.

Summary and conclusions

Despite RCMs’ finer resolution in comparison to GCMs, the raw precipitation and temperatures (minimum
and maximum) data of the three RCMs used in the current study exhibited significant discrepancies in
relation to observed values. As presented, these discrepancies can affect significantly the hydrological
processes, such as groundwater recharge on a seasonal temporal basis. Consequently, bias-correction of
raw RCM meteorological data seems to be inevitable, especially in local-scale climate change assessments,
for which local climate conditions may affect significantly the watershed’s hydrologic regime. The widely
used CDF correction approach applied here, proved to be capable for the correction of raw daily
precipitation and temperature RCM-driven data on a monthly basis. But the fact that this approach does
not take into account the temporal sequencing of wet and dry days, may introduce discrepancies in the
simulation of groundwater recharge.
In general, the climate change signal produced by the bias correction of the three RCM data, presents a
decreasing trend in precipitation and an increasing trend in minimum and maximum temperature for the
Mediterranean region. The amount of these trends is different for each RCM, even for annual or seasonal
basis, illustrating the necessity of an ensemble of RCMs for climate change assessment studies. These
differences are reflected both in groundwater recharge and groundwater levels simulated with SWAT and
MODFLOW models, respectively. The results show that a climate change adaptation strategy is necessary
for the study area in order to prevent: a) the significant reduction in groundwater level that would lead in
groundwater shortage for the satisfaction of irrigation needs and b) groundwater quality deterioration
resulting from increased lateral inflows of water with high salt content from the south-eastern boundary.
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