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ABSTRACT

Hydrological models are considered useful tools in both understanding and investigating the
hydrological processes occurring on catchment-level. In order to develop hydrological models, vari-
ous types of data are required, which, in many cases, are not available due to nonexistence of reliable
measurements. To overcome measured data deficiency, open access data are often used. However,
this can lead to faults in model development and, therefore, to inaccurate model results. In the study,
the use of measured and/or open access data in watershed modeling is investigated and evaluated
by developing three distinguished hydrological models for the Upper Anthemountas basin. To
strengthen the whole procedure the hydrological models are coupled with a calibrated groundwater
flow model, thus forming three separate integrated model systems. A key element of the procedure
followed is the comparison between the new groundwater models and the calibrated one, leading to
more reliable results regarding the use of measured and/or open access data. This procedure may be
proven useful in researchers who desire to evaluate the use of various types of data, since it actually
measures their influence through an integrated modeling procedure.
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1. Introduction

Water resources management requires the complete
understanding of the various processes occurring on
catchment-level, involving hydrological cycle, surface water,
and groundwater flow, as well as surface water-groundwa-
ter interactions. Investigating the aforementioned processes
is a complex procedure making water resources manage-
ment rather demanding [1-3]. Hydrological models have
proven to be useful and effective tools in the effort of sup-
porting water management policy on catchment-level due
to their ability to simulate and predict, both spatially and
temporally, watershed response under various stresses. This
is translated to the simulation of both hydrological processes
(e.g., runoff, evapotranspiration (ET), and infiltration) and
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transport of sediments and nutrients taking into account the
physical laws governing them [4-9]. Furthermore, hydro-
logical models through their coupling with groundwater
models significantly contribute to integrated water resources
management, leading to the efficient and sustainable use of
water [3,10,11].

Nevertheless, it is well-known that for the proper and
accurate application of hydrological models the existence of
a plurality of different types of data (i.e., data referring to the
topography, land cover, soil types, and climate of the area
under study) is required. In many cases, acquiring these data
is not feasible since it could be a time-consuming and cost-
intensive procedure, while it may be hindered due to accessi-
bility constraints [4,12-14]. To overcome measured data defi-
ciency in hydrological modeling, open access data are often
used, thus allowing filling the gaps regarding vital missing
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information; however, their credibility constitutes an issue of
debate in literature [13,15-17].

More specifically, Fuka et al. [15] proved that reanalysis
weather data are a reliable option for hydrologic simulations
in a variety of hydroclimate regimes and basins in the USA.
On the contrary, Roth and Lemann [16] indicated that the
use of reanalysis weather data did not produce efficient dis-
charge and sediment yield results in three small catchments
in Africa. Jin et al. [17] specify that soil input data generated
from field sampling soil analysis boosts hydrological mod-
eling performance, whereas Boluwade and Madramootoo
[18] argue that more accurate soil input does not necessar-
ily increase the efficiency of hydrological simulations. In
addition, Srinivasan et al. [13] concluded that an uncalibrated
hydrological model based on accurate spatial input data can
produce similar results regarding the hydrologic budget and
sediment yield with a calibrated one in a basin in the USA.
Overall, little can be found in literature about models that
are built entirely using open access data series. Nevertheless,
Rahman et al. [19] as well as Tan [20] concluded that hydro-
logical models developed by applying a specific computer
software, that is, the SWAT model, and using globally
available free data can be successfully implemented provid-
ing satisfactory results.

In this perspective, the study investigates the use of
measured and/or open access data in watershed modeling
by comparing uncalibrated raw outputs in order to shed
more light in this controversial issue. To achieve this task,
three distinguished hydrological models were built based
upon measured and/or open access data for the Upper
Anthemountas basin, Halkidiki, Greece. Additionally, tak-
ing a step further from previous studies, the hydrological
models developed herein were coupled with a calibrated
groundwater flow model formed in the study as well, thus
producing three different integrated model systems. The
key point of the whole procedure is that the outputs of the
hydrological models in terms of water percolation are intro-
duced as inputs to the groundwater flow model, providing
the aquifer recharge deriving from precipitation. In order to
further investigate the effect of measured and open access
data on modeling procedure, the results of the groundwa-
ter flow models in terms of hydraulic head distribution and
aquifer water budget were also taken into consideration.

Kilometers

Fig. 1. Location of the Upper Anthemountas basin.
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What is worth mentioning is that in order to acquire a clear
image of this effect, the results of the three new groundwater
models were compared with the corresponding ones of the
calibrated model, while the modification of various statis-
tical errors used for testing model accuracy was taken into
account as well.

For the development of the various hydrological mod-
els, the watershed loading/water quality model, Soil Water
Assessment Tool (SWAT), in a GIS environment (ArcSWAT)
was used. SWAT is a physically based, semidistributed
model, operating on a continuous time scale with a daily
time step. It is considered as one of the most complete mod-
els since it includes a large number of simulated components
and can be used to predict the impact of land management
practices on water, sediment, and agricultural chemical
yield in a river basin scale over long periods of time [1,6,21].
A detailed description of SWAT is provided in Neitsch et al.
[22] and Arnold et al. [23]. With regard to groundwater mod-
els, the MODFLOW code was applied. MODFLOW [24] is
a modular, three-dimensional, finite-difference groundwater
flow model which has evolved into the worldwide standard
computer program used in groundwater modeling due to its
ability to simulate flow in complex aquifer systems and its
extensive publicly available documentation [25,26].

The aim of this study is to investigate to what extent
the use of measured and/or open access data plays a signif-
icant role in hydrological modeling through the comparison
and evaluation of the results of various integrated surface
water-groundwater models. These results are associated not
only with the results of hydrological models (i.e., hydro-
logical cycle components) but also with those of ground-
water flow models (i.e., hydraulic head, water budget, and
model accuracy), thus strengthening the whole evaluation
procedure and providing more reliable conclusions about the
use of measured and/or open access data.

2. Materials and methods
2.1. Study area description
The Upper Anthemountas basin is located in the Chalkidiki

peninsula, Greece, south-east of the city of Thessaloniki (Fig. 1)
and constitutes the eastern part of the entire Anthemountas
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basin. The basin covers approximately 110 km? and it is bor-
dered to the west by the Lower Anthemountas basin and to
the south by the Moudania basin. Two major settlements,
Galarinos and Galatista, and two minor, Ag. Anastasia and
Kiourktsoglou, are sited within the catchment (Fig. 2) [5,27,28].

The Upper Anthemountas basin, which is a typical rural
area, is dominated by complex cultivation patterns (wheat,
corn, cotton, alfalfa, and olive trees) and mixed forest (mainly
various types of oaks along with platanus and chestnuts
trees). The geological structure of the area appears to be
complex, combining a great variety of quaternary sediments
(clays, sands, with intercalations of hard-grained material,
quartzite pebbles, conglomerates, limestones, and sand-
stones), Neogene sediments (red clay series with marl, sand,
and limestone lenses), along with various Mesozoic igneous
and metamorphic fractured rocks (mainly epigneisses,
greenschists, dunites, peridotites, and, secondarily, epidote-
actinolite schists, two-mica gneiss, pyroxenites, gabbro, and
diorites) (Fig. 3). In these formations, several aquifers — both
porous and fissured rock aquifers — are developed composing
a complex aquifer system in which both phreatic and semi-
confined conditions exist according to the storativity value
range (3.4 x 10-6.2 x 1072 observed in the region [27,29-31].
Water from the whole aquifer system is extracted in order
to meet various water needs and, therefore, wells in both
porous and fissured rocked aquifers have been constructed
(Fig. 2). Most of these wells are located in porous aquifers,
which occupy the largest extent of the study area and are the
most exploitable ones [27,30]. Water demand in the region is
confined mainly to drinking and irrigation, and is met respec-
tively through few public supply wells and a large number
of privately owned irrigation wells, the latter due to the lack
of an organized irrigation system. Moreover, there are few
wells for both livestock and industrial purposes, as shown in
Fig. 2 [5,27,28].

From hydrological point of view, the catchment consists
of a dense well-formed stream network. Most time of the
year, surface flow of the river is very limited due to relatively
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Fig. 2. Boundaries of the Upper Anthemountas basin, along with
the settlements and the abstraction wells (per water use) sited
within the basin.

low precipitation and to the fact that some upper geological
layers (i.e., Quaternary sediments) are mainly comprised of
semipermeable soils (loams). As a result, the river appears
to have surface outflows only for a short time after intense
rainfall. Finally, the climate of Upper Anthemountas basin
appears to be typically Mediterranean with relatively
low annual precipitation (470 mm) and high tempera-
tures during summer (Table 1) [5,27,28]. According to De
Martonne Aridity index and Pinna Combinative index, the
study area can be characterized as “Semi-Arid” and “Semi-
Dry Mediterranean with formal Mediterranean vegetation,”
respectively [32,33].

2.2. Methodology

The procedure followed in the study aims to evaluate
the use of measured and/or open access data in hydrolog-
ical modeling, taking also into consideration the indirect
impact of these data on groundwater flow regime through
the aquifer recharge results deriving from the hydrologi-
cal models. To achieve this task, the various hydrological
models that were constructed using certain input datasets
each time, were coupled with a calibrated groundwater
flow model, thus forming several integrated surface
water-groundwater model systems. Since SWAT was used
for hydrological modeling, the aforementioned datasets
are divided into four major categories: (1) climate data,
(2) topography (elevation data), (3) soil, and (4) land use.
More analytically, the procedure followed in this study
includes the next steps (Fig. 4):

e Step 1 — Building three different hydrological models
depending on which type of input data is derived from
measurements or from open access datasets. These mod-
els are named as A, B, and C and are described in the
following: (1) Model A — It is based exclusively upon pub-
lic domain data and reanalysis weather data, (2) Model
B - It is based predominantly upon measured data and
climate data from a local weather station, and (3) Model
C - It is built upon open access data, such as Model A, but
with the same conventional climate data used in Model B.

e Step 2 — Building a steady-state groundwater flow model
and coupling it with the hydrological models developed
in Step 1. Their connection is established through the
introduction of the hydrological models outputs, in terms
of aquifer recharge, as inputs to the groundwater model.

e Step 3 - Running three separate groundwater flow simu-
lations taking into account the different recharge values
produced from the three different hydrological models
(Step 1) and introduced into the groundwater model
(Step 2). These models will be henceforth called GW
Model A, GW Model B, and GW Model C according to
the hydrological model they are based on.

3. Modeling procedure
3.1. Hydrological modeling

In the following, vital information about the various
steps followed for acquiring the data used for the develop-
ment of the three individual hydrological models is provided.
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Fig. 3. Geological background of the study area (lithological units and faults were digitized from geological map sheets of the Institute
of Geological and Mineral Exploration of Greece — 1.G.M.E.), along with piezometric conditions (reference year 2000) and hydraulic

conductivity zones.

Table 1

Weather data (mean temperature and mean rainfall) for Upper Anthemountas basin obtained from the National Agricultural

Research Foundation (NAGREF) weather station

Years 1978-2016 Months Mean
Jan Feb Mar Apr May  Jun Jul Aug  Sep Oct Nov  Dec Aannual

Mean Temp (°C) 5.3 6.6 9.6 13.9 19.1 243 266 260 216 162 107 6.4 15.5

Mean Rain (mm) 314 361 368 376 457 345 269 249 414 466 537 532  468.8

Model A

In Model A, a DEM map was produced by editing a 30 m
(1 arc-second) resolution ASTER (Advanced Spaceborne
Thermal Emission and Reflection Radiometer) GDEM (Global
Digital Elevation Model) of the study area (tile N40E023) in
ArcGIS, in order to delineate the watershed. Furthermore,
the CORINE 2000 vector files, provided by the European
Environment Agency, were collected in order to configure
the land-cover of the basin. In addition, a 30 arc-second soil
raster map, which contains all the basic spatial and attribute
data concerning soil physical properties of the various soil
types of the area, was extracted from the Harmonized World

Soil Database (HWSD) [34] to be used as soil input in SWAT.
Finally, the National Centers for Environmental Prediction’s
(NCEP) Climate Forecast System Reanalysis (CFSR) dataset
was used as weather input data.

Model B

In this model, a topographic map was created by digitizing
contours from 23 connected Hellenic Military Geographical
Service (HMGS) map sheets, with a scale of 1:5,000 and 4 m
contour line interval, which cover the entire basin. Then, the
map was transformed into a Digital Elevation Model (DEM)
in order to meticulously delineate the watershed.
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Fig. 4. Modeling procedure followed in the study.
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Organic matter (%) = Organic carbon (%) x 2 @)
In-situ field measurements for saturated hydraulic con-
ductivity were performed using a plain single ring technique
proposed by Bagarello et al. [37], while soil albedo values
were obtained from ten Berge [38]. Bulk density and avail-
able water capacity were calculated by applying the straight-
forward Soil Water Characteristic-Hydraulic Properties
Calculator (SWC-HPC) Model, a graphic computer program
developed by Saxton and Rawls [39], which has proven that
can provide reliable results concerning various soil properties
in the study area [29]. Moreover, the equations of Williams
[40] were adopted to compute the erosion factor. Lastly, once
all necessary soil parameters were defined, a soil map was cre-
ated by generating Thiessen polygons in sample point sites.
In the second step, a separate “land capability” forestry
map was retrieved from the School of Forestry and Natural
Environment of the Aristotle University of Thessaloniki, con-
taining information regarding the depth of the soils in the
area. The final spatial soil map introduced to SWAT was the
outcome of intersecting and editing the aforementioned maps.
Regarding land use, multiple field inspections were per-
formed in the study area, during soil sampling period, so
as to update the available CORINE 2000 land use map and,
thus, acquire a more accurate land cover status of the basin.
Finally, in terms of climate input data, weather data-
sets from the National Agricultural Research Foundation
(NAGREF) weather station were obtained, which is located
15 km away from the center of the basin. However, it should
be noted that these datasets, consisting of precipitation and

Table 2
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temperature values, were continuous on a daily step, thus
applicable only for a period of 10 years (2002-2011).

Model C

Model C consists of the same input data as Model A,
with the exception of using conventional meteorological data
(NGREF dataset) instead of reanalysis data series.

For all hydrological models, the Hargreaves method was
applied to calculate ET, due to limitations concerning the
availability in meteorological data (daily data series of rain-
fall and temperature). An overview of all models developed in
the study, as well as the data sources used for models devel-
opment, are shown in Table 2. All input spatial layers, which
are projected on the Greek Grid reference system, along with
their attribute data imported to the models, are presented
in Tables 3 and 4, as well as in Figs. 6 and 7. Furthermore,
the outcomes of the watershed delineation for all models in
addition to spatial information on the creation of hydrologic
response units (HRUs), based on homogeneous soil, land use
and slope characteristics, are given in Table 5 and Figs. 8 and
9. Lastly, descriptive statistics of local weather data (NGREF
station) and reanalysis weather data series (CFSR dataset) are
illustrated in Table 6.

3.2. Groundwater modeling

3.2.1. Conceptual model

A conceptual model is a realistic description of vari-
ous characteristics of the reference area, as well as of the

Overview of the models developed and data sources used for this study

Models Input data source
Topography Land cover Soil Climate
Model A Aster GDEM CORINE 2000 HWSD CFSR dataset
Model B HMGS map sheets Updated CORINE 2000 Constructed soil map NAGREF station
Model C Aster GDEM CORINE 2000 HWSD NAGREF station
Table 3
Land cover of the study area and its reclassification according to SWAT database
CORINE description SWAT land use database SWAT code Coverage (%)
Model A & C Model B
Fallow land Agricultural Land-Close-grown AGRC 35 35
Complex cultivation patterns Agricultural Land-Generic AGRL 15 -
Permanently irrigated land Agricultural Land-Row Crops AGRR - 8
Broad-leaved forest Forest-deciduous FRSD 8 -
Sclerophylous vegetation Forest-mixed FRST 33 50
Olive trees Olive OLIV 2 5
Pastures Pasture PAST 1 -
Transitional woodland/shrub Range-brush RNGB 2 -
Moors and heathland Range-grasses RNGE 1 -
Discontinuous urban fabric Residential-Medium Density URMD 2 2

Quarries
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Table 4
Soils in the study area

Models Soil units Description Coverage (%)
Models A & C Fluvisols - 7
(from HWSD) Vertisols - 44
Cambisols - 49
Model B SU1_MT Shallow depth, medium texture soils (0-30 cm) (loams, sandy clay loams) 15
(constructed soil SU1_CT Shallow depth, coarse texture soils (0-30 cm) (sandy loams) 17
map) SU2_MT Medium depth, medium texture soils (0-60 cm) (loams, sandy clay loams) 7
SU2_CT Medium depth, coarse texture soils (0-60 cm) (sandy loams) 5
SU3_FT Deep, fine texture soils (0-100 cm) (clay, clay loams) 26
SU3_CT Deep, coarse texture soils (0-100 cm) (sandy loams) 9
SU3_MT Deep, medium texture soils (0-100 cm) (loams, sandy clay loams) 21

processes related to the problem under study. Building the
conceptual model is the initial step of the groundwater mod-
eling procedure, while it is considered an important part of
it. This is due to the fact that the accuracy and reliability of
the mathematical model significantly depend on the con-
ceptualization procedure and the way the aquifer system is
formed [28,41,42]. In the study, the conceptual model devel-
oped by Sevastas et al. [43] and improved in Sevastas et al.
[28] was taken into consideration, while modifying it based
on new geological and hydrogeological information gath-
ered regarding the reference area for the needs of the study
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Fig. 6. Input data layers for Models A and C.

(e.g., Refs. [29,30,31,44-47]). In total, the key elements of the
groundwater flow conceptual model are the following:

® The boundaries of the aquifer system (henceforth named
as aquifer) (Fig. 3) include the whole set of loose forma-
tions located in the region, in conjunction with the rock
formations of short extent, from which groundwater is
also extracted, while excluding the rock formations sur-
rounding the basin and being of limited water availability
[28]. The inclusion of the fissured rocks in the aquifer sys-
tem and their simulation in combination with the porous
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Table 5

Information on watershed delineation in Upper Anthemountas basin
Models Basin area (km) Sub-basins Main reach length (km) Total reach length (km) HRUSs
Models A and C 107.1551 23 20.663 49.756 289
Model B 106.4736 19 18.957 43.109 553

aquifers are based on the fact that fractured rocks are
equivalent to a porous medium (EPM), in which struc-
tural discontinuities, cracks, raptures, and large faults
can be treated as areas of higher hydraulic conductivity
[48]. In addition, the method of EPM has been adopted in
numerous studies and groundwater flow has been suc-
cessfully simulated in fractured, weathered crystalline as
well as karst aquifer systems, in various regions and cli-
matic zones around the world (e.g., Refs. [49-53]).

The aquifer’s northern and southern boundaries were
assigned as no-flow boundaries, since they were formed
almost vertically to the isopiezometric contours (Fig. 3),
which means that the direction of the groundwater flow
is parallel to them [28,43]. The eastern and western
boundaries were delineated as constant head boundar-
ies with hydraulic head values set equal to 280 and 50 m,
respectively [28,43], based on an isopiezometric map cre-
ated by applying the Ordinary Kriging technique for the
reference year 2000 (Fig. 3) [27].

The whole aquifer system, including both the porous and
the fissured rock aquifers, was considered of a uniform
thickness of 180 m, based on a few available well logs
referring to both types of aquifers.

The aquifer’s upper limit coincides with the ground level,
while its lower limit is situated 180 m below the ground
level taking into account the aquifer thickness assumed.
Aquifer’s hydraulic conductivity was determined based
on the geology of the study area (Fig. 3) and, therefore,
nine zones of hydraulic conductivity were considered
(Fig. 10). In these zones, hydraulic conductivity values
were derived from the respective literature, taking into
account the type of geological formations existing in the
region, due to the limited amount of pumping tests con-
ducted in the study area. This literature includes both
general literature (e.g., Refs. [54,55]) and various stud-
ies referring to the broader region of Thessaloniki and
Chalkidiki peninsula (e.g., Refs. [44—47]). In particular,
Veranis and Christidis [44] mention that water pressure
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Table 6
Descriptive statistics of local (NGREF) weather station and reanalysis weather (CFSR station) datasets, where min = minimum,
max = maximum, aver = average, SD = standard deviation, and R? = coefficient of determination, between NGREF and CFSR values

LEGEND

Reach D Basin

Subbasins

Watershed
Delineation

Hydrologic

Responce
Units

Fig. 9. Upper Anthemountas watershed delineation and HRUs
created by SWAT (Model B).

Climate data Units NGREEF station CFSR station R?
Min Max Aver Sd Min Max Aver SD

Rainfall (mm) 0 91.6 1.6 5.1 0 157.2 24 6.8 0.39

Temperature (min) ©0) -11 23.8 9.8 7.2 -11.8 26.2 10.3 7 0.93

Temperature (max) 2.3 44.3 21.4 9 -3.8 46.4 20.5 9.8 0.97

tests performed in boreholes in northeastern Chalkidiki
area, reveal that hydraulic conductivity of weathered
rocks (gneisses, phyllites, mica-schists, amphibolites,
and serpentinites) has been estimated to vary from 10~
to 10 m/s with a mean value of 107 m/s. Other mea-
surements made exclusively upon gneisses show values
from 7.1 x 107 to 2.3 x 10° m/s [45]. Furthermore, accord-
ing to Stavri [46], the red clay series around the region
of Thessaloniki have low conductivity values (107 to
10 m/s). However, much higher values (7.4 x 10* m/s)
have been observed in certain locations [47]. On the other
hand, based on few available pumping tests carried
out in the study area, conductivity values for the qua-
ternary sediments are considered in the range of 10~ to
10° m/s [27].

The aquifer is mainly recharged by rainfall and irriga-
tion return flows (15% of irrigation water returns into the
aquifer). Regarding the aquifer recharge from rainfall,
three types of recharge zones were considered according

to the geology of the study area, since the various geologic
formations have a different effect on the recharge coeffi-
cient (Fig. 10). Specifically, the first zone consists of the
quaternary sedimentary deposits, while the second one
includes the outcrops of the fissured rocks and the third
zone covers the red clay series of the Neogene. Finally,
aquifer recharge was calculated on annual base using the
simple form of the hydrological balance equation.

The groundwater is abstracted through numerous
abstraction wells (Fig. 2) in order to meet irrigation,
domestic, livestock, and industrial needs. The pump-
ing rates of these wells (i.e., equivalent pumping rate
per water use) were estimated based on the total annual
water consumption and the total number of operating
wells per water use [28].

Regarding the aquifer’s eastern and western boundaries,
their characterization as inflow or outflow boundaries is
entirely based on model results and more exclusively on
the aquifer’s water budget.
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b)

Fig. 10. (a) Hydraulic conductivity zones and (b) recharge zones,
as both formed taking into account the geological background of
the study area.

The aquifer conceptual model previously described
was used in order to develop the steady-state groundwater
flow model. The same conceptual model was also applied in
the case of coupling between hydrological models and the
groundwater model, making only one modification asso-
ciated with aquifer recharge deriving from rainfall. More
specifically, it was calculated by applying the SWAT model,
instead of using the simple form of the hydrological bal-
ance equation, thus resulting in different values based on
the HRUs spatial distribution as it was determined by the
various hydrological models (different values and different
spatial distribution of recharge for each hydrological model
due to the differentiation of input data). However, even in
this case, recharge values assigned to various HRUs were

Table 7

calculated on annual base, due to the type of the ground-
water flow model used in this study (see Section 3.2.2).
Particularly, the mean value of the annual recharge values
for the whole simulation period was calculated and finally
assigned to the HRUs.

3.2.2. Steady-state model

The groundwater flow simulation procedure involved
the development of a calibrated steady-state model. This
model, which will be henceforth called “Calibrated GW
Model,” was created based on the conceptual model
described in Section 3.1.1. Since a steady-state model was
developed, no temporal discretization was required. Some
other basic information about this model includes its spatial
discretization and calibration. With regard to the former, the
model involves a single layer model grid with equal-sized
cells in the horizontal plane (100-m side), which is comprised
of 120 columns, 65 rows, and 1 layer (resulting in a verti-
cally integrated two-dimensional areal model consisting of
one layer which is characterized as convertible, that is, either
confined or unconfined depending on the elevation of the
computed water table). Regarding the model calibration
procedure, it was accomplished using 15 observation wells
monitored during October 2000 [27] by applying the PEST
tool [56]. During the calibration procedure, various model
parameters, such as hydraulic conductivity, pumping rates
of irrigation wells, and aquifer recharge, were properly
adjusted and determined. Table 7 presents the results of the
adjustment of all the aforementioned parameters.

As expected, variations in hydraulic conductivity values
were observed after model calibration and parameter adjust-
ment. In particular, conductivity values were estimated from
0.131 to 0.863 m/d for the quaternary sediments, from 0.023
to 0.1 m/d for the fractured rocks, while a value of 0.105 m/d
was computed for the red clay series. All the earlier calcula-
tions appear to be realistic, based on the geologic formations
they refer to and in total conjunction with the values men-
tioned in various studies conducted in the broader region. In
accordance, much higher values of aquifer recharge estimates
were produced by the model concerning the quaternary sedi-
ments (0.3 mm/d), contrary to those of fissured rocks and red
clays (0.183 and 0.16 mm/d, respectively). That is also to be
expected, since the porosity of the sediments is much higher

Estimated values of the various aquifer parameters submitted to calibration

Hydraulic conductivity for each zone (m/d)

HK_1 HK_2 HK_3 HK_4 HK_5 HK_6 HK_7 HK_8 HK_9
0.4759 0.023 0.1310 0.069 0.065 0.863 0.105 0.100 0.100
Recharge for each zone (mm/d)

RCH_1 RCH_2 RCH_3
0.300 0.183 0.160

Pumping rates of irrigation wells (m?®/d)

57.00
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compared with the other formations, thus enabling water to
percolate much easier.

Moreover, the model accuracy was tested by calculat-
ing various statistical errors, such as mean error (ME), mean
absolute error (MAE), and root mean square error (RMSE).
So, the ME, MAE, and RMSE estimates were equal to —0.115,
1.578, and 2.175 m, respectively, indicating a rather suc-
cessful calibration and, therefore, a satisfactory simulation.
Fig. 11 shows the results of the steady-state model calibration
in a scattergram of observed versus simulated groundwater
levels, along with the 95% confidence intervals.

The results of the simulation are expressed as water
table contour maps together with mass water balances for
the model domain. Fig. 12 depicts the hydraulic head dis-
tribution produced by the model (along with the location of
the 15 observation wells used for model calibration), mak-
ing obvious the gradual decline of groundwater levels as
moving from the eastern aquifer boundary to the western,
where the contours appear to be denser. This is attributed
to: (1) the hydraulic head value assigned to the western aqui-
fer boundary and (2) to the hydraulic conductivity value of
the rock formations existing in this specific part of the region
and affecting the groundwater flow regime (Fig. 3). Table 8
presents the flow budget of the aquifer system. As it is obvi-
ous, groundwater inflow to the system occurs exclusively
from recharge, which is due to precipitation and irrigation
return water, while the main source of groundwater outflow
is groundwater abstraction (74.0%).

Calculated vs Observed Head

+ Observations

180 — = 95% confidence

intervals

Calculated Head (m)

140

100

80 +—=
60 100 140 180 220 260 300

Observed Head (m)

Fig. 11. Scattergram of observed versus simulated groundwater
levels for the steady-state simulation.
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Fig. 12. Hydraulic head distribution according to the calibrated
GW Model, along with the 15 observation wells used for model
calibration.

Table 8
Aquifer flow budget for the calibrated GW model
Inputs Outputs  Inputs Outputs
(m’/d)  (m%d) (%) (%)
Constant heads 0.0 -2,647.6 0.0 26.0
Wells 0.0 -7,5245 0.0 74.0
Recharge 10,1721 0.0 100.0 0.0
Total source/sink  10,172.1 -10,172.1 100.0 100.0

The steady-state model described earlier was used in
order to perform three separate simulations (groundwater
Models A, B, and C) taking into consideration the results of
the three individual hydrological models (Models A, B, and
C) as far as aquifer recharge is concerned. In these simula-
tions, all other parameters (i.e., boundary conditions, hydrau-
lic conductivity, wells pumping rates, and irrigation return
flows) remained constant and only recharge deriving from
rainfall was modified based on hydrological models results.
These results totally depend on the data used for building
the hydrological models, thus making feasible the investiga-
tion of their indirect impact on groundwater model results.
Finally, it should be mentioned that due to steady-state sim-
ulation conditions the mean value of the annual results deriv-
ing from hydrological models per HRU was used as input to
the groundwater models.

4. Results and discussion
4.1. Hydrological modeling

All models were run for the same 10-year period, from
01/01/2002 to 31/12/2011, with a 2-year warm up in order to
establish the initial conditions. Model outputs were obtained
on a yearly step for 8 years (01/2004-12/2011) and are pre-
sented in Table 9.

The results deriving from all models display significant
variations as shown in Table 9. First of all, rainfall from CFSR
data series, used in Model A, is way overestimated. This
immediately leads to severe inconsistencies in the water bal-
ance predictions, since SWAT model heavily relies on accurate
rainfall data for modeling surface runoff and sediment loss [16].

Furthermore, major differences appear in aquifer
recharge values among all models (Fig. 13). This can be

Table 9
Average annual water balance for Upper Anthemountas basin
from 01/2004 to 12/2011

Parameters Units Model Model Model
A B C
Rainfall 861.2 524.1
Surface runoff 20.61 8.13 7.93
Later flow 38.38 2756 18.34
(mm)
Aquifer recharge 401.02 86.64 123.40
Actual evapotranspiration 4022 4042 3787
Potential evapotranspiration 986.7 1,177.2

Total sediment loading (kg/m?) 0.075 0.007 0.026
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Fig. 13. Annual recharge values for Models A, B, and C for the
8-year simulation period.

attributed to: (1) low-resolution soil map and/or poor soil
data provided by HWSD and (2) overestimated precipitation
values introduced in Model A. Moreover, when comparing
Models B and C, which use the same conventional weather
data, aquifer recharge and lateral flow values, as part of
the groundwater flow process, display significant dispari-
ties revealing the strong impact of accurate soil spatial and
attribute data.

On the contrary, regarding potential evapotranspiration
(PET), results from all models do not seem to diverge greatly.
This could be due to the fact that the Hargreaves method,
used for PET estimation, totally depends on temperature
data, which show very good correlation between NGREF and
CFSR stations (Table 6). Moreover, since actual ET predic-
tions strongly rely on the land cover status of the area under
study, it could be assumed that land use data do not seem to
have a great impact on hydrologic simulations regarding the
reference area.

Finally, in terms of sediment yield and surface runoff,
poor values were generated from all models after simulation.
However, this is consistent to the fact that for the greatest
part of the year surface outflows in the basin emerge only
for a short period of time and, notably, after intense rain-
fall events. Possible explanations for small discharge values
can be attributed to the combination of many factors, which
include: (1) Anthemountas basin belongs to the semiarid
part of continental Greece with low annual rainfall due to
rain-shadow effect [57], (2) semipermeable soils dominate
the region, and (3) in general, relatively dense vegetation is
observed in the study area.

4.2. Groundwater modeling

In this section, both the results of the three new ground-
water models, in terms of aquifer water budget and models
accuracy, and the results of the comparison between those
three models and the calibrated one, in terms of hydraulic
head distribution and aquifer recharge, are presented and dis-
cussed. First of all, Fig. 14 depicts the difference in hydraulic
head distribution between the three new groundwater mod-
els and the calibrated one. As it is apparent, in the case of GW
Model A, this difference is extremely high with a maximum
value of 1,203.4 m and a mean value of 916.5 m (Table 10).
It is reminded that GW Model A is based on hydrological

—190.0
= 160.0

1300
~ 1000

700
— 400
—100

Fig. 14. Difference in hydraulic head distribution between (a) GW
Model A - calibrated GW model, (b) GW Model B - calibrated
GW model, and (c¢) GW Model C - calibrated GW model.

Model A, which is exclusively built upon open access data
(public domain data and reanalysis weather data). On the
contrary, the results of GW Model B appear to be closer to the
corresponding ones of the calibrated model, since their differ-
ence has a maximum (absolute) value of 37.6 m and a mean
(absolute) value of 25.1 m (Table 10). GW Model B is based
on hydrological Model B for the development of which only
measured data referring to the area under study were used.
In Table 10 various statistical terms of all cases are presented.

Furthermore, Table 11 shows the flow budget of the
aquifer system for all three new groundwater models, while
Table 12 presents the difference in aquifer recharge between
the new groundwater models and the calibrated one. In both
cases, GW Model A provides the higher results, which is
wholly attributed to the fact that the reanalysis weather data
used for the development of hydrological Model A include
high precipitation values. What is worth noting is that GW
Model B, in comparison with the other two models, that is,
GW Model A and GW Model C, results in recharge values
closer to the calibrated GW model, while in all three models
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Table 10
Several statistical terms regarding the difference in groundwater
levels between the tree new models and the calibrated one

Max Mean Median

(m) (m) (m)
GW Model A - calibrated model 1,203.4 916.5 1,066.1
GW Model B - calibrated model  37.6 25.1 27.7
GW Model C - calibrated model  194.0 144.8 166.8

Table 11
Aquifer flow budget for the three new groundwater models

Models Inputs Outputs
Recharge Constant Wells  Constant
(m®d) heads (m®/d) (m%d) heads (m®d)
GW Model A 51,5520 0.0 7,524.5 44,027.5
GW Model B 11,373.6 0.0 7,5245 3,849.1
GW Model C  16,442.7 0.0 7,524.5 89183
Table 12

Difference in aquifer recharge between the new groundwater
models and the calibrated one

Recharge Recharge
(m?/d) (%)
GW Model A - calibrated GW model 41,379.9 406.8
GW Model B - calibrated GW model 1,201.5 11.8
GW Model C - calibrated GW model 6,270.6 61.6

aquifer recharge outcomes are higher than the corresponding
ones of the calibrated GW model.

Finally, in Table 13 the values of various statistical errors
for the new groundwater models are presented. According
to these results, in all cases an increase of all statistical errors
is observed in comparison with the errors of the calibrated
model (see Section 3.2.2). This increase is lower in the case
of GW Model B, which means that it approximates better
the results of the calibrated GW model. As it was expected,
according to the hydraulic head distribution (Fig. 14(a)), the
higher values of statistical errors are observed in the case of
GW Model A.

According to the analysis made earlier, it can be con-
cluded that GW Model B provides better results (i.e., hydrau-
lic head distribution, and aquifer water budget), since they

Table 13
Statistical errors (ME, MAE, and MRSE) for the new groundwater
models

ME MAE MRSE
GW Model A —941.925 941.925 974.543
GW Model B —20.854 20.854 21.696
GW Model C -144.341 144.341 149.122

appear to be closer to the corresponding ones of the cali-
brated model. Moreover, the model accuracy is less affected
if the modified values of aquifer recharge produced by the
hydrological Model B are imported to the groundwater
model. All these conclusions reveal that both hydrological
Model B and GW Model B, which are based exclusively on
measured data, are able to approximate surface water and
groundwater regimes in the reference area in a better way
than the other models which are based (exclusively or par-
tially) on open access data. Moreover, it should be mentioned
that the aforementioned models can perform better if a rigor-
ous calibration procedure and proper adjustment of aquifer
recharge will be carried out.

5. Conclusions

In the study, the investigation and evaluation of the
impact of the use of measured and/or open access data on
watershed modeling were attempted, taking also into account
the effect of these data on groundwater modeling. To achieve
this task, three distinguished hydrological models were cre-
ated for the Upper Anthemountas basin, which were cou-
pled with a calibrated steady-state groundwater flow model,
thus forming three integrated surface water-groundwater
models. The data used for the development of the hydrolog-
ical models (e.g., climate, elevation, soil, and land use data)
involved measured data for the reference area, as well as
open access data, such as reanalysis weather data and public
domain data. Based on the available data, one model using
exclusively open access data (Model A), one model using
only measured data (Model B) and one model using both
open access and measured data were built (Model C), which,
in turn, resulted in three different groundwater models
(GW Model A, GW Model B, and GW Model C).

Through the coupling between the hydrological and
groundwater models, the evaluation of both the hydrolog-
ical and groundwater models results was accomplished.
Moreover, in the latter case, comparison of the results of the
new groundwater models and the calibrated one also took
place, which empowered the whole procedure providing
more reliable conclusions about the influence of certain data
on modeling procedure. With regard to the hydrological
models, high variations especially on aquifer recharge results
are observed, which leads to high variations on groundwater
models results as well, since aquifer recharge is introduced
to the groundwater models. More specifically, Model A
provides extremely high values, which is wholly attributed
to the high precipitation values of the reanalysis weather
data. Model C follows while Model B resulted in the lowest
recharge values.

Regarding the groundwater models, of particular interest
is the results of the comparison between the new groundwa-
ter models and the calibrated one. Based on both hydraulic
head distribution and aquifer water budget, GW Model B
approximates better the calibrated model, since lower dif-
ferences in the results than the other models are observed.
Furthermore, the accuracy of GW Model B in terms of vari-
ous statistical errors (ME, MAE and RMSE) is lower affected
in comparison with the accuracy of the other two. This is con-
sidered to be rather essential since GW Model B is based on
hydrological Model B which was developed using measured
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data exclusively. Therefore, the aforementioned models are
more representative for the area under study and require a
few modifications through a rigorous calibration procedure
in order to perform better.

In conclusion, it should be mentioned that extreme cau-
tion should be taken by researches who desire to develop
hydrological models based, utterly, upon freely accessible
input data, and especially in cases that no measured weather
data are available. The procedure followed in the study may
be proven useful in the effort of assessing the use of this type
of data, since it actually measures their influence through an
integrated modeling procedure.
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