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Abstract: Robust assessments of variations in freshwater availability are essential for current and
future water resource management in the Pinios River Basin (PRB), which is one of the most produc-
tive basins of Greece in terms of agriculture. To support sustainable water resources management
in the PRB, we set up and calibrated the mGROWA hydrological model at a high spatial (100 m)
and temporal (daily) resolution for the period 1971-2000, with particular attention given to deriving
crop-specific irrigation requirements. We developed and implemented a comprehensive method-
ological framework to overcome data scarcity constraints in the PRB, thus enabling the derivation of
high-resolution spatially continuous estimates of many input variables required for the mGROWA
model. We generated estimates of spatiotemporal variations in the water balance components actual
evapotranspiration, irrigation requirements, total runoff, and groundwater recharge for the PRB. In
addition, through the calculation of indices, such as the potential irrigation to groundwater recharge
ratio (PIQR), we demonstrate a way to identify potential unsustainable water use in irrigated agricul-
ture. The established mGROWA model can be used both as a hydrological reference model providing
continuous decision support for water resources management, focusing on irrigation water use, and
a basis for climate impact studies for the PRB.

Keywords: hydrologic modelling; mGROWA model; irrigation; water resources management;
Mediterranean

1. Introduction

The Mediterranean region is one of the world’s climate change hot spots [1]. Numerous
studies concerning the Mediterranean region have found that droughts and water scarcity
associated with climate change constitutes a major threat to current and future water
supplies (e.g., [2,3]). In Greece, climate change has already contributed to decreasing
precipitation since the 1990s [4-6], while rising temperatures have simultaneously led to
increasing reference evapotranspiration [7]. Because of these climatic trends, dramatic
changes in runoff volume relative to historical conditions should be expected by the middle
of the upcoming century [8,9]. In this context, a robust assessment of the uncertain changes
in freshwater availability is essential for current and future water resource management
in Greece [10].

An essential prerequisite for the effective management of water resources is the
reliable characterisation of historical time series of hydrological processes, comprising
non-stationarity [11]. Water balance models can provide the broad data basis necessary for
such studies. Hydrological modelling in semiarid areas, and especially in the Mediterranean
region, is marked by high complexity [12] and strong non-linearity associated with the
significant seasonal fluctuations in precipitation and temperature. For this reason, the
overall objective of this study is to establish a fully distributed high-resolution water
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balance model for the Pinios River Basin (PRB) in central Greece using the mGROWA
model [13] and analyse the results.

The mGROWA model was developed to provide high-resolution, ready for use esti-
mates for the water balance components of large catchments or administrative areas, origi-
nally for the federal states Lower Saxony and North Rhine-Westphalia in Germany [13,14].
The federal states require estimates of renewable water resources and allocate water rights
based on the mGROWA model outputs of the spatiotemporal distributions of groundwater
recharge. Because the simulated soil moisture pattern is an important pre-condition for
irrigation modelling, mMGROWA was further developed through the integration of an irri-
gation module to study the impact of irrigation practices on the regional water balance in
the Hamburg Metropolitan Region (Germany) [15]. Due to the flexible parameterisation
options of the model, mMGROWA has been adapted and applied to Mediterranean condi-
tions, e.g., for areas in France, Italy, and Turkey [16-18]. As the methodology implemented
in mGROWA allows the modelling of the impacts of climate change according to the rating
system described by Refsgaard et al. [11], the model has also been applied in climate impact
studies in Germany [13] and the Mediterranean [16,17].

The PRB presents a hydrological regime within a complex geomorphological envi-
ronment and high seasonal and interannual variability of water balance components [19],
while also being used for intensive irrigated agriculture. A sub optimal organisation of
irrigation systems [20,21] and unsustainable water resources management practices [22]
have deteriorated the already disturbed water balance and accelerated the degradation of
water resources in previous decades. This study additionally aims to: (a) supplement and
add to the existing diverse assessment studies and data provided by model implementa-
tions in the whole PRB, its sub-catchments, groundwater bodies, and other administrative
sub-areas, e.g., as described in [23-28]; and (b) facilitate the implementation of sustainable
water resources management practices.

In particular, the spatiotemporal distribution of groundwater recharge in the PRB is
not adequately addressed by the aforementioned studies. One of the key objectives in
our study is therefore to reduce the uncertainty concerning the characterisation of site
conditions that control groundwater recharge and to quantify its potential range over time
and space. Considering the above, as well as the necessity to develop effective water
management plans within the context of the Water Framework Directive (2000/60/EC),
this study aims to:

e  describe the implementation of the fully distributed water balance model mGROWA
(Section 3) in the PRB (Section 2),

e identify the implementation difficulties of such a hydrological model in a highly
complex yet data-scarce Mediterranean basin (Section 4),
provide insights into the hydrological processes of the PRB, (Section 5),
provide qualitative and quantitative water balance assessments of the PRB (Section 5)
and their evaluation (Section 6),

e demonstrate the potential usability of this model as a water resources management
tool in Greece (Section 6 & Section 7), and

e  provide a robust basis for further studies of climate change impacts on water resources
in the PRB (Section 7).

We modelled the hydrologic period 1971-2000 due to limited climate data availability
for more recent time periods and because this period is used as the historical control period
of the EURO-CORDEX RCM ensemble [29]. We have set up the mGROWA model in the
PRB on a 100 m grid and it is simulating water balance in daily resolution.

2. Materials and Methods

Located in central Greece, the PRB covers an area of about 11,000 km?2, and is the
2nd largest fully developed basin in Greece (Figure 1). The PRB covers about 85% of
the Thessaly Water District [30], which according to the 2021 census, had a population
of about 687,500. The PRB constitutes a highly diversified geologic, hydrological, and
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geomorphological environment and is surrounded by a rugged relief reaching altitudes
of over 2000 m. Figure 2 shows the location of major geomorphological and geographical
features in the PRB.

Figure 1. Location of the Pinios River Basin in the Mediterranean region. Data sources: (left) ESRI,
(right) Google Earth.
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Figure 2. Morphological and geographical features (left) and the geologic setup (right) of the PRB.
Grey-scale background map shows topography.

The PRB is subdivided into two major sub-basins, namely the Eastern and Western
Thessaly basins (Figure 2A,B), which exhibit significantly different geologic and hydrocli-
matic characteristics. A low-lying hill area (Figure 2C) comprising of karstified carbonate
rocks [31,32] divides the two sub-basins. Along the riverine zone of Pinios River and in its
delta (Figure 2D), alluvial and recent deposits are prevalent, followed by Neogene forma-
tions (conglomerates, sandstones, clays, marls, and terrestrial-lacustrine deposits). Aquifers
of medium to high water abstraction potential have developed within these formations. In
the mountain ranges (Figure 2E-I) around the two plains, Mesozoic and Paleozoic solid rock
formations (mainly crystalline limestones, marbles, gneisses, and schists) dominate [32].
Due to the high degree of karstification in some parts of the basin, the corresponding
aquifers display high water abstraction potential and are strongly influencing the ground-
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water budget of the PRB through springs and lateral crossflows recharging the alluvial
aquifers of the plain [26].

The PRB is characterised by continental and Mediterranean climate conditions with
dry and warm to hot summers, and precipitation concentrated in the winter months.
According to Beck et al. [33], the Koppen—Geiger climate classification indicates BSk (arid,
steppe, cold) in the Eastern Thessaly plain, Csa (temperate, dry and hot summer) in the
Western Thessaly plain and both Csb and Dsb (temperate, dry and warm summer; cold,
dry and warm summer) in the mountain ranges. The basin-averaged annual precipitation
for the period 1981-2000 was estimated as 700 mm [34].

The PRB is one of the most intensively cultivated and productive agricultural areas in
Greece, with agriculture corresponding to about 45% of the total basin area. Annual crops
such as cotton, wheat, and corn are most common in the plains, while orchards (mainly
apples, cherries, and vine) are located at the foothills of the mountain ranges. Hills and
mountain ranges are forested with sclerophyllous and coniferous vegetation or covered by
Mediterranean scrubland.

Almost 94% of the total water abstraction in the PRB is allocated to irrigation [35].
Since the 1980s, the increasing water demand for irrigation requirements accompanied
by irrational water management practices have resulted in significant overexploitation
of groundwater resources. Currently, more than 65% of the total water consumption is
served by groundwater, emphasising the importance of groundwater for the sustainability
of the area. According to the most recent regional water management plan [35], nine
of the 27 groundwater bodies recognised in the PRB have been designated as of bad
quantity [31]. They are subject to recurring quantitative groundwater stress [36]. In addition,
the reservoirs in the region of the former Lake Karla (Figure 2K) play an important role
in supplying the Eastern Thessaly plain with irrigation water [37]. The former Lake Karla
was fully drained by 1962. Its reconstruction started in 1999 and was finalised in 2018.
Nowadays the re-constructed reservoir is designed to store water originating from the
southern mountains, as well as redirected winter runoff from the Pinios River, provided by
a water diversion and a network of channels and ditches [38,39].

3. mGROWA Model Description

The water balance model mGROWA [13] has been developed for assessing the water
balance over large areas (river basins, states, etc.) under present and possible future
climate conditions. mMGROWA constitutes a new generation of the water balance model
GROWA [40], which has been used in numerous water balance studies in Germany and
the Mediterranean region since the beginning of the 2000s, as presented in the section of
Introduction. For a detailed description of the GROWA /mGROWA modelling approach,
the reader is referred to the corresponding literature. Here, we briefly introduce the basic
concepts and modules of most importance for modelling the PRB.

The distributed grid-based mGROWA model uses a two-step calculation process.
Firstly, the water balance and runoff formation at the ground surface layer, which includes
the root zone of the soil, is simulated using a physically based approach. Building on that,
an empirical approach is used to provide a mass-separation of the total formed runoff into
in-situ groundwater recharge and other diffuse water fluxes occurring near-surface in the
unsaturated zone, accumulated as direct runoff. Sets of distributed gridded parameters are
required, which characterise the in-situ processes in a generalised way. Thus, the spatial
accuracy of mMGROWA simulations is highly dependent on the quality and resolution of
these input parameters.

3.1. Simulation of the Total Water Balance

The underlying formula for the first part of the simulation constitutes the generic
water balance equation, with its climatic, runoff and storage terms given as:

ds )
E:p+zrr—eta—qt 1)
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where p represents the precipitation, irr the irrigation, et, the actual evapotranspiration,
q: the total runoff, s the amount of water stored in a grid cell, and ¢ the time. All values
represent a vertical water height in mm. For grid cells with vegetation or bare soils, s
corresponds to the soil moisture (6), whereas for artificially sealed surfaces (e.g., buildings,
paved roads, etc.), s represents the water stored on these impervious surfaces. For grid cells
partially covered by impervious surfaces (PI refers to the percentage imperviousness), the
simulation is executed in the two independent modes soil with vegetation (SWV-mode) and
sealed ground surface (SGS-mode), and afterwards merged.

In the nGROWA model, special attention has been paid to the calculation of actual
evapotranspiration and the associated storage functions:

et; = etg X ke X f(SI,SA) x f(s) ()

The grass reference evapotranspiration ety is commonly determined based on the
Penman-Monteith equation, as given in [41] or alternative equations depending on the
available climate data (see Section 4.4). k. is a land use and vegetation (or crop) specific
evapotranspiration factor (also known as crop coefficient). f(SI,SA) represents a topography
function that accounts for slope (SI) and aspect (SA) (details in [40]). f(s) is a storage
function which considers the water available for evapotranspiration. In the SWV-mode, f(s)
is solved by a multi-layer soil module (MLSM). In the PRB model domain, we simulated the
vertical soil moisture dynamics using five soil layers of 3 dm thickness each. In each layer,
the total soil water storage is characterised by the plant available field capacity 6, (details
in Section 4.2) and the rooting depth RD. The functional dependence of evapotranspiration
on soil moisture is given by the Disse-function [42]:

0—6pwp
1 _ X a
f(0) = o ee—epwp ©)
1+e b —2xe"

where e is the Euler number, r is a vegetation-specific factor, 8, the soil moisture at the
permanent wilting point, 6, the plant available soil moisture of the soil at field capacity (i.e.,
the difference between the soil moisture at field capacity 64 and 6,wp), and 6 the actual soil
moisture. The Disse-function provides values in the range of 0 to 1. When the soil moisture
decreases to the permanent wilting point, actual evapotranspiration becomes 0. When the
soil water storage reaches the field capacity, actual evapotranspiration is not diminished,
i.e,, the level of potential evapotranspiration is reached.

Because of the intensive irrigation of most field crops in the PRB, irrigation-triggered
evaporation fluxes must be incorporated into basin-wide water balance assessments. For
this purpose, nGROWA provides an irrigation module (IM) that indirectly includes this
flux by estimating the spatial variation of the irrigation requirements of field crops on
a daily basis and linking irrigation water inputs to the MLSM. Irrigation of field crops
commonly follows specific rules which are intended to ensure economically justified ex-
penses and soil water content values at a plant-physiological level that promise optimal
yields. The IM utilises the simulated soil moisture status of the MLSM and crop-specific
sets of rules, which reflect the common irrigation management practices of farmers, in
order to determine irrigation sequences and water quantities. The following rules and con-
straints are implemented (details in [15]), and the corresponding parameters are introduced
in Section 4.2:

irrigation-relevant root zone,

soil water content that initiates irrigation,

soil water content at which irrigation stops,

maximum irrigation level per day,

period of the year with potential irrigation application,

minimum precipitation level per day for which no irrigation is applied,
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e total water budget available for irrigation in a predefined period (according to water
usage rights allocated to a farmer or field plot).

According to Equation (1), total runoff is calculated as the surplus water that cannot
be stored in the root zone of soil against gravity or on an impervious surface due to its
limited water storage capacity. The daily surplus water is then separated into groundwater
recharge and direct runoff (incorporating quick runoff components) within the subsequent
empirical part of the simulation.

3.2. Runoff Separation

For the overall water balance simulation, runoff separation is also split into two modes
depending on the presence of artificially sealed surfaces (SGS-mode). For impervious
shares of grid cells, the surplus water that cannot be stored on the surface is balanced as
quick urban direct runoff and attributed to the direct runoff (g,). The runoff characteristics
of grid cells (or shares) without ground surface sealing (SWV-mode) are assigned using
empirically derived distributed BFI values (base flow indices) which describe groundwater
recharge (g,) as a constant portion of total runoff:

gr=qr x BFI =gt — qq4 4)

The BFI values depend on natural site conditions (details in Section 4.3) and can
be regarded as constant in the long-term. Because groundwater recharge equals base
flow in the long-term (under the assumption of hydrological stationarity), BFIs derived
from discharge hydrographs can be regionalised and correlated with spatially distributed
site conditions (e.g., soil or geologic properties) and resulting distributed BFI values can
thus be utilised to estimate area-differentiated in-situ groundwater recharge [40,43]. In the
mGROWA model, g, is the residual of such calculations (see Equation (4)) and comprises the
fast and moderate-fast runoff components, such as overland flow and interflow, however,
without separating them into these individual components.

4. Data Processing and Model Parameterisation
4.1. Data Collection and Sources

The quantitative and spatial accuracy of the water balance components simulated
using mMGROWA crucially depend on the quality and spatial resolution of the input data
used in the model. Special attention had to be paid to the parameterisation of the PRB
model domain because of a lack of high-resolution datasets. The input datasets used in
the context of the mGROWA implementation in the PRB are summarised in Table 1, while
their interactions with the mGROWA modelling scheme are presented in Figure 3. The
following sections describe how the input datasets were derived.

Data basis & site conditions Simulation of actual Separation of runoff
evapotranspiration components and
and runoff generation groundwater recharge
IMI: Total runoff (q,) : —>| Direct runoff (qg) |
Grass reference ' ——)I Groundwater recharge (q,) I :
evapotranspiration (et,) L (I — g

Actual

Land use evapotranspiration (et,)
Topography i

Changes in soil moisture 3 . :
Sl . - Rule-based computation
E ! of climate-dependent
in the root zone i .
Soil profiles and i variables

soil hydraulic parameters

Crop-specific
Hydrogeologic units 1 irrigation needs
and hydraulic permeability

Figure 3. mGROWA modelling scheme.
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Table 1. Data input requirements of the mGROWA model accompanied by a description of the
corresponding dataset used for implementation in the PRB.

Input Requirements

Dataset, Source, and Description

Topography

The digital elevation data from the 90 m SRTM (Version 4) dataset [44] was used.

Surface sealing

Spatial data on the degree of surface sealing (percentage imperviousness PI) from
buildings, paved roads, etc., was acquired from the Copernicus Land Monitoring Service
(https:/ /land.copernicus.eu/, accessed on 20 January 2023). We used the high resolution

layer Imperviousness Density (20 m pixel size) representing the year 2015.

Spatial data on common vegetation and land use types originate from the CORINE Land
Cover (CLC) inventory and was acquired from the Copernicus Land Monitoring Service

Land cover (https:/ /land.copernicus.eu/, accessed on 20 January 2023). We used the map from 1990
(time consistency 1986-1998) at 100 m resolution.
The spatial distribution of crops in the PRB on the farm level in the year 2013 was
Crop type and distribution collected from the Hellenic Payment and Control Agency for Guidance and

Guarantee Commu-nity Aid.

Soil characteristics

Information about soil properties were taken from the additional spatial layers [45]
derived from the European Soil Database (ESDB) [46] and provided by the European Soil
Data Centre (ESDAC) [47].

Geology

Information with regard to the geologic setup was based on the geologic map of
Greece (1:500,000) [48].

Climate parameters

Daily precipitation records from 42 meteorological stations were collected covering the
period modelled (1971-2000). At eight of these meteorological stations, daily minimum
and maximum air temperature data were also available.

4.2. Spatially Distributed Terrain, Surface, Vegetation, and Soil Parameterisation

The properties of the Earth’s ground surface and the thin critical soil zone beneath play
a key role in evapotranspiration processes. The more accurately this zone is parameterised,
the more accurately the spatial and temporal patterns of evapotranspiration can be simu-
lated. In particular, in the semi-arid Mediterranean region, the performance of hydrological
models is governed by the quality of data available for parameterising this zone [49]. For
this study, we used commonly available data for Greece and additional expert knowledge
to compensate for the shortcomings of the databases and to obtain consistent parameter
distributions at the highest possible spatial resolution.

The DEM (SRTM dataset, Section 4.1, data source a) was resampled from the original
resolution to the 100 m model grid. The DEM is used at various points in the modelling
process. Firstly, slope and aspect were derived using standard GIS-based routines. These
data were then used to compute the topographic correction factors f(SI,SE) described in
Section 3.1 that adjust the net radiation input that drives evapotranspiration (Figure 4). The
DEM was further employed for soil parameter gridding (described below), characterisation
of landforms (Section 4.3), climate data regionalisation (Section 4.4), accumulation of runoff
in the river network (Section 5), and sub-catchment delineation (Section 6).

The percentage imperviousness dataset (Section 4.1, data source b) shown in Figure 5
is used to split individual grid cell areas into two parts and for assembling simulated actual
evapotranspiration values (SWV-mode and SGS-mode, Section 3.1). The original percentage
imperviousness dataset at a 20 m spatial resolution was aggregated to the 100 m model grid,
conserving the total of the sealed area per grid cell. Actual evapotranspiration on sealed
surfaces is typically below the grass reference level, which is reflected by values of k; < 1.
We have applied a k. value published in the study of ATV-DVWK [50] for those surfaces.

For simulating evapotranspiration in the SWV-mode, mGROWA requires land use
and vegetation patterns at a high spatial resolution and the related parameters k. and RD
at the monthly temporal resolution. In a first step, the land cover data (Figure 5; Section 4.1,
data source c) were overlaid by the spatial crop data (Figure 5; Section 4.1, data source d) to
integrate specific agricultural vegetation types into the area-wide parametrisation. Six of
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the most commonly cultivated crops were directly included: vine, olive, wheat, corn, cotton,
and alfalfa. Less frequently cultivated crops were pooled as complex cultivation patterns
(CCPs). As data on crop rotation were not available over the long retrospective simulation
period, this spatial configuration was assumed as representative for the long term. The
parameters k. and RD for the agricultural vegetation are adopted from Allen et al. [41] (six
most common) and Lazzara and Rana [51] (CCPs). The parameters adopted during bare
soil conditions in autumn and winter were derived from Allen et al. [52]. In the mGROWA
simulation, all crops were irrigated at an optimal level (irrigation efficiency is modelled as
100%), with the exception of wheat, which is a rainfed crop in the PRB. The thresholds of the
irrigation rules (Tables 2 and 3), which mimic farmers’ irrigation practices, represent region-
specific expert knowledge. The vegetation types derived from the common land cover
data, i.e., outside the agricultural areas, were parameterised based on ATV-DVWK [50]
(e.g., grassland, forests, bare rock, etc.) and Ehlers et al. [16] (e.g., Mediterranean scrubland,
ppUyava in Greek).

Digital elevation model (DEM) Slope

Aegean d Aegean
Sea

4,400,000

4,350,000

Aspect Topographic correction factor

Aegean < Aegean
ea Y " Sea

GCS_GGRS_1987
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| e—— i L
T
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|
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I North (337.5-22.5) [ Southwest (202.5-247.5) I o7-08 [ ]099-101[]12-13
7] Northeast (22.5-67.5) I West (247.5-292.5) [ o08-09 [ 11.01-1.05 N >13
[ East (67.5-112.5) I Northwest (292.5-337.5) [o09-095[11.05-1.1

[ Southeast (112.5-157.5)

Figure 4. DEM and spatial distributions of the derived terrain-related parameters in the PRB.



Sustainability 2023, 15, 4343 9 of 29

Plant available field capacity in the root zone Percentage imperviousness (2006)

Aegean - Aegean
| Ay : uee

2~

4,400,000

4,350,000
1

Distribution of field crops (2013)
S A

4,400,000

4,350,000
¢

T T T T T T
300,000 350,000 400,000 300,000 350,000 400,000

Plant available field capacity in the root zone

I <25mm [ ]50-75mm [__]100-125 mm [[] 150-175 mm [l 200-225 mm
[ 25-50 mm [ 75-100 mm [_] 125-150 mm [l 175-200 mm [l > 225 mm

Field crops Percentage imperviousness
0 Vine [ ] Complex cultivation patterns ["1] Corn [l Cotton [1<5% [ 60-80 %
N Olive [ | Wheat [0 Alfalfa [15-60 % [ 80-100 %

CORINE Land Cover

[ Continuous urban [__] Permanently irrigated land
[ Discontinuous urban [ Rice fields [ Sclerophyllous vegetation
[ Industrial or commercial [_] Vineyards [ Transitional woodland-shrub
[[] Road and rail networks ~ [__] Fruit trees and berry plantations [__] Beaches, dunes, sands

[ Moors and heathland

[ Port areas [ Olive groves [ Bare rocks

[ Airports [_] Pastures [ Sparsely vegetated
[ Mineral extraction sites  [___] Complex cultivation patterns [l Bumnt areas

[ Dump sites [ Agriculture + natural vegetation [__] Inland marshes
[ Construction sites [ Broad-leaved forest [] salt marshes

[__] Green urban areas [ Coniferous forest [ Water courses
Sport and leisure facilities [l Mixed forest [ Water bodies

[ Non-irrigated arable land [__] Natural grasslands

Figure 5. Spatial distribution of the plant available field capacity, percentage imperviousness, field
crops, and CORINE land cover in the PRB. Grey-scale background map shows topography.

Table 2. Irrigation-relevant root zone in dm.

April May June July August September  October
Vine 8 8 8 8 8 8 8
Olive 1 1 1 1 1 1 1
ccp! - 4 5 6 6 - -
Corn 1 3 5 10 10 - -
Alfalfa 5 5 5 5 5 5 -
Cotton - 1 3 6 9 9 -

! Complex cultivation patterns.

Table 3. Soil water content that initiates and stops irrigation in percent of plant available field capacity.

April May June July August September October
Vine 30/90 40/90 40/90 40/90 40/90 40/90 40/90
Olive - 30/80 30/80 30/80 30/80 30/80 -
ccp! - 30/80 30/80 30/80 30/80 30/80 -
Corn 40/99 50/99 50/99 50/99 50/99 - -
Alfalfa 40/99 40/99 40/99 40/99 40/99 40/99 -
Cotton - 20/85 40/85 50/85 25/80 25/80 -

1 Complex cultivation patterns.
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The potential volume of soil moisture available for evapotranspiration from the root
zone is commonly referred to as the plant available field capacity (8,). It can be calculated
as the difference between water content at field capacity (6r) and water content at the
permanent wilting point (6,) averaged over the depth of the root zone (typical unit is
vol%). Thereby, 0 and 6, constitute the upper and lower limit of the plant available
soil water storage. Estimates of both 6. and 6., can be derived by pedotransfer functions
from soil granulometric data. Because granulometric data are not available over the PRB
in common Greek soil maps, we derived it from the ESDB (Figure 5; Section 4.1, data
source e). The ESDB provides 1 km resolution gridded layers of clay, silt, sand, and organic
carbon content, in topsoils and subsoils, as well as corresponding bulk densities. The
tabulated pedotransfer functions given in Miiller and Waldeck [53] were applied to the
ESDB data to derive distributed 6., and 6, values of the fine soil component (equivalent
diameter < 2 mm) in topsoil and subsoil. Logically, with increasing content of gravel, rocks,
or blocks in soil profiles, total 0pwp and 9fc values decrease as total fine soil content of
profiles diminishes, e.g., at slopes or scarps. Hence, the values must be reduced by the
volume of the rocks, i.e., the rock content. Because this relation is not adequately considered
in the ESDB, most notably in the mountain ranges that encircle the PRB, we introduced
a function into the mGROWA parameter modelling workflow that links rock content to
slope inclination:

RC =100 x (1- o ) )

where RC is the rock content (%), SI is the slope inclination (°), 7 is the steepness param-
eter and a is the curvature parameter. This equation is almost identical to the Gaussian
model [54], which is frequently used in geostatistics, e.g., for modelling variograms. Wack-
ernagel [55] calls it a ‘stable model” when the value of a is less than 2. For this study, we set
a to 1.8 and r to 35 to reflect the geologic and pedological conditions in the PRB; however,
these parameters have not been validated by field surveys. Figure 6 shows the curve
progression of this parameterisation. As a result, the modelled distribution of 6}, and 6y
benefits in several ways. Firstly, the rock content is considered as a continuous variable for
all slopes throughout the spatial extent of the basin. Secondly, rock content is almost negli-
gible (<10%) on flat and slightly inclined sites in the Western and Eastern Thessaly plains,
which is in line with the values in the ESDB dataset. Thirdly, above inclinations of 55°, rock
content is above 90% and therefore reflects bare rock conditions in the high altitudes of the
mountains with very sparse vegetation and a very strongly reduced evapotranspiration
potential. Figure 5 shows the spatial patterns of the plant available field capacity in the root
zone in the PRB that result from the described parameterisation procedure.
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Figure 6. Rock content of soil estimated based on slope inclination using Equation (5).

4.3. Spatial Distribution of BFI Values

In the mGROWA model, total runoff is separated into groundwater recharge and
components of direct runoff using the empirical approach of area-differentiated BFI values
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(Section 3.2). To implement this approach, for each grid cell we need to define the extent
to which the specific sub-surface hydraulic conditions facilitate deep percolation of water
until it becomes in-situ groundwater recharge of the main aquifer.

The first step to achieve this goal is to delineate the unconsolidated and solid rock
(bedrock) areas, as they differ in how they control groundwater recharge. Groundwater
bearing formations in solid rock areas are commonly covered by loosened but not uncon-
solidated weathering zones which exhibit hydraulic conductivities of one or two orders
of magnitude higher than the aquifers beneath. In the PRB, solid rock areas coincide with
mountain ranges and chains of hills that show higher slope inclinations. Interflow (compare
with Dingman [56]) occurs as a sub-surface downslope flow above the water table within
their weathering zones. Unconsolidated rock areas encompass the thick layers of sediments
in the Eastern and Western Thessaly basins, including the depressions at their edges, as
well as valley sediments with distinct water tables. Deep percolation may be hampered in
those areas by low-permeable topsoil or subsoil layers superimposed with the occurring
clayey intercalations of lacustrine sediments [32] that allow temporary thin perched water
tables above the main aquifer.

The only digital geologic map available for this study that covers the full extent of
the PRB (Section 4.1, data source f) allowed for a distinction between unconsolidated and
solid rock areas by means of the description of the mapped geologic units. However,
the delineated boundaries between geologic units did not match the geomorphological
features in large parts of the basin due to a combination of shifts, distortions, and voids,
as well as the low spatial resolution of the map (illustrated in Figure 7). The usage of
such an unrefined map has the potential to considerably reduce the spatial accuracy of the
mGROWA simulation. For this reason, we projected the spatial geologic map information
onto the morphology of the terrain using the following semi-automatic procedure. As a
first step, a topographic position index (TPI, described in De Reu et al. [57]) based landform
classification was performed using the DEM.

Landforms BFI values in solid rock areas
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Figure 7. Spatial distribution of the landforms and BFI values in solid rock regions of the PRB.
Grey-scale background map shows topography.

Based on the continuous distribution of the TPI, landscapes can be classified into
discrete slope position classes. Combining the TPI at different spatial scales allows a variety
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of nested landforms to be distinguished [58]. The resulting landforms, processed using
SAGA-GIS [59], are shown in Figure 7 (left map). Obviously, unconsolidated areas should
coincide with the landform ‘Plains’. As a second step, an iterative grid-based procedure
was implemented which projects and adjusts the boundaries of geologic units to match
the delineated fringes of the landform ‘Plains’. This includes both shifting all boundaries
according to the general direction of shifts, as well as conforming them to local landform
fringes (e.g., interior geologic boundaries of solid rock areas). The results of this process
are evident in Figure 7 (right map).

The BFI values of the geologic units in solid rock areas are listed in Table 4. Their
spatial projection onto the morphological structures of the basin is shown in Figure 7 (right
map). BFI values of solid rock regions depend largely on the water storage capacity of
rocks, which in turn is a function of petrography and past tectonic stress (and to a smaller
degree of weathering [60]). Consequently, the BFI values of geographically neighbouring
solid rock formations differing in terms of petrography and tectonic history may contrast
significantly, whereas the BFI values of aquifers displaying similar petrography and tectonic
history should be comparable, regardless of any large geographical distances from each
other. This has been demonstrated in numerous studies in which groundwater recharge has
been determined using the BFI concept, e.g., in Slovenia [61], Sardinia (Italy) [16], North
Rhine-Westphalia (Germany) [13], or the Thames Basin (United Kingdom) [62]. Because BFI
values of the solid rocks in the PRB derived from discharge and baseflow statistics were not
available, we allocated the BFI values shown in Table 4 based on the published literature.

Table 4. Geologic units and allocated BFI values.

Geologic Unit BFI Value
Ammonitico Rosso: Limestone and Siliceous Schist—Jurassic, Toarcian 0.15
Amphibolite and Gneiss 0.15
Diabase 0.2
Flysch 0.3
Flysch—TJurassic and Cretaceous 0.3
Flysch—Upper Cretaceous 0.3
Flysch—ditferent phases 0.3
Flysch transformed into Phyllite 0.2
Gneiss, Schist, Amphibolite—Paleozoic, Triassic 0.15
Granite, Granodiorite, Monzonite—Mesozoic 0.15
Limestone (pelagic)—Upper Cretaceous 0.35
Limestone—Cretaceous, Eocene 0.35
Limestone—Lower to Middle Jurassic 0.35
Limestone—Upper Cretaceous 0.35
Limestone and Dolomite—Triassic, Lower Jurassic 0.65
Limestone (crystalline) and Marble—Upper Cretaceous 0.35
Limestone, Greywacke, Schist, Prasinite, Volcanic rocks—Permo-Triassic 0.22
Marble, Dolomite—Mesozoic, Paleocene 0.55
Marble, Limestone (crystalline) 0.55
Molasse: Conglomerate, Sandstone—Oligocene 0.3
Molasse: Conglomerate, Marl, red clayey sandy material—Neogene, Aquitanian 0.3
Molasse: Conglomerate, Marl, Sandstone—Upper Eocene 0.3
Molasse: Conglomerate, Sandstone—Neogene, Aquitanian, Tortonian 0.3
Molasse: Clay, Conglomerate, Sandstone, Marl—Oligocene 0.35
Ophiolite 0.15
Schist-keratolitic diaplasis: Hornstone, Sandstone, Mudstone, Limestone lenses—Jurassic 0.15
Schist-keratolitic diaplasis: Hornstone, Sandstone, Mudstone, trapped ophiolitic bodies—]Jurassic 0.12
Schist, Marble 0.15
Scree—Pleistocene 0.5
Tuffite—Pliocene 0.2

In the unconsolidated areas, the procedure of estimating a hydro-geologically plausible
BFI value distribution was different, because hydraulic conditions vary horizontally within
the geologic units and vertically within the critical unsaturated zone above the main
aquifers. This complex setting was caused by the late Cenozoic tecto-sedimentary evolution
of the Eastern and Western Thessaly basins [63,64]. As a result of this evolution, the
basins are zoned from NW to SE. Alluvial sedimentary environments dominate the NW
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whereas the SE was increasingly formed under lacustrine conditions, e.g., in the Eastern
Thessaly basin the pre-holocene precursors of Lake Karla [65]. The different sedimentary
environments alternated over millions of years and built faulted and bulged covering layers
of varying thickness and distribution of cohesive material above the main aquifers [66].
However, general gradients of decreasing hydraulic conductivity of the overall unsaturated
zone from NW to SE can be inferred from the available information. These settings cause
gradually reduced vertical in-situ groundwater recharge and partially confined-artesian
aquifers [66]. The unconsolidated aquifer system is additionally recharged by lateral
infiltration from the surrounding solid rock areas.

Because of the complex settings in the unconsolidated parts of the PRB and also
because neither specific geophysical nor borehole data were available for this study, we
employed a synthetic spreading of BFI values, under the knowledge that this approach
should be refined through the incorporation of observed data acquired in the future. The
approach was inspired by studies assessing the controlling soil factors of groundwater
recharge in Flanders (Belgium) [67] and Austria [68]. The approach consists of two steps,
draws the general patterns of cohesive material distributions and produces zones of moder-
ate permeable unsaturated covering layers. Firstly, we generated a synthetic linear gradient
of BFI values across the whole unconsolidated area starting with 0.9 in the most NW point
down to 0.8 in the most SE point. In the smaller plains north of the large unconsolidated
area, the value of 0.9 was set, because they consist of less cohesive quaternary sediments,
which facilitate high groundwater recharge. This distribution is intended to represent
the covering layers above aquicludes and aquitards that cover the main deep aquifer and
facilitate temporary perched water tables. Secondly, the distributed values were then
reduced by values representing the water logging tendency of topsoils and subsoils. For
this purpose, values in the range between 0.1 and 0.2 were subtracted to imitate the perme-
ability range between loamy sand and clay loam. The resulting distribution of BFI values
in the unconsolidated areas of the PRB is shown in Figure 8 (left map). The lowest BFI
values obtained are close to 0.6 in the southernmost part of the main basins. Consequently,
the spatial distribution within the two main basins represents the diffuse in-situ recharge
patterns in layers above the deep confined aquifer, which is primarily laterally recharged
from the upstream solid rock.

BFI values in unconsolidated rock areas Site characteristics relevant in runoff separation
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Figure 8. Spatial distribution of the BFI values in unconsolidated rock regions of the PRB and
resulting site characteristics that determine the specific approach in the runoff separation procedure.
Grey-scale background map shows topography.
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Finally, the resulting spatial distribution of site characteristics considered in the
mMGROWA runoff separation procedure are shown in Figure 8 (right map). The BFI values
in solid and unconsolidated areas of the PRB are applied in combination with PI values on
grid cells showing a partly sealed surface, e.g., roads, settlements, and urban areas.

4.4. Climatic Model Inputs

mGROWA is driven by the climatic variables precipitation (p) and reference evap-
otranspiration (et) at the daily temporal scale. Precipitation encompasses the amounts
of liquid rainfall, solid snowfall, and precipitated dew and is available for the PRB, as
directly measured time series from quality-controlled ground-based stations. Reference
evapotranspiration reflects the potential evapotranspiration from a hypothetical grass
surface with unlimited water supply. This quantity is generally not directly measured
and therefore must be derived based on station-based observed near-surface atmospheric
variables. For this purpose, the FAO Penman—-Monteith equation [41] is established as
a standard; however its application requires inputs of air temperature, air humidity, air
pressure, wind speed, and radiation balance. Of these variables, only air temperature was
measured (at a relatively small number of stations) in the PRB during the past decades.
Therefore, an alternative equation, the Hargreaves ety equation [69] which requires only
daily minimum and maximum air temperature data, was the only realistic option that
uses ground-based measurements for efy estimation in this study (computed according
to Allen et al. [41]).

First, we assessed the spatiotemporal data gaps for the collection of climatic data
available for this study. Meteorological stations of only short-term operation as well as
time series exhibiting recurring data gaps were excluded. Additionally, p and derived
ety data were analysed for systematic erroneous measurements through a double mass
analysis, as suggested in Dingman [56]. As a result, a set of 40 p and eight et; station-based
time series covering the period 1971-2000 were judged suitable to serve as daily climatic
model inputs (Figure 9). After 2000, the meteorological observation network in the PRB
was considerably downsized to a level that could introduce spatial biases to the application
of the interpolation scheme (described below).
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Figure 9. Meteorological stations in the PRB used as model inputs over the period 1971-2000.

Grey-scale background map shows topography.

The elevation in the PRB ranges from sea level to about 2700 m a.s.l. in the massif of
Mount Olympus at the northern boundary. Typically, temperature and thus ety declines
with elevation (temperature lapse rate, see Roland [70]), while precipitation rises (see
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Marquinez et al. [71]). Several studies suggest incorporating the relationships between
climatic variables and topography into interpolation schemes for p and et; in data-scarce
regions [72-76]. To identify the magnitude of the gradients in p and ety, we used a spatial
regression analysis between the ground elevation of stations and the monthly accumula-
tions of the variables. The analysis yielded a linear model for each month and variable,
respectively. The regression coefficients represent the so-called average spatial orographic
gradients (in mm per m change of ground surface elevation) of precipitation and reference
evapotranspiration. Figure 10 shows boxplots of these gradients, where each boxplot repre-
sents the gradients calculated for the corresponding month of each of the 30 modelled years.
The gradients of p are predominantly positive and the 30-year-medians vary throughout
the year, with maximums during the early rainy winter season. In contrast, the almost
exclusively negative gradients of et are very evident, are one order of magnitude smaller
than gradients of p, and indicate a maximum decline of ety according to elevation during
summer months.
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Figure 10. Boxplots of the derived monthly orographic gradients of precipitation and reference
evapotranspiration in the PRB for 1971-2000.

In the next processing step, the climatic data were regionalised onto the 100 m model
grid to provide a useable input for the mGROWA model. First, the station-based mea-
sured p and calculated ety values were converted to equivalent sea level values using the
orographic gradients varying on a monthly basis. Then, spatial fields were interpolated
applying a simple inverse distance weighting (IDW) [77] approach, as recommended by
Rolim et al. [78]. The final step comprised the projection of these spatial fields onto the DEM
using the elevation as a covariate and applying again the monthly orographic gradients.
Reference evapotranspiration over vegetated surfaces varies depending on the incidence
angle of solar radiation, which is affected by slope and aspect [79]. We used the topographic
correction factors shown in Figure 4 to adjust the interpolated et( grids to account for slope
and aspect.

The resulting spatial distribution of mean annual p and et; are presented in Figure 11.
Annual precipitation varies from 500 mm/a in the Eastern Thessaly plain around the city
of Larissa to more than 1800 mm/a in the mountain range bordering the Western Thessaly
plain and in the massif of Mount Olympus. The long-term catchment-averaged p amounts
to 770 mm/a. A comparison of this map with results published for the whole country
of Greece over the same period [80] shows a good match of general spatial patterns of
interpolated precipitation, as well as the range of regional precipitation levels. The resulting
range, spatial patterns, and elevation-dependency of the long-term annual et field is in
good agreement with the findings of Aschonitis et al. [81], i.e., 850 to 1000 mm/a in the
higher mountain ranges, >1100 mm/a in the basins and increasing to >1200 mm/a near the
coast. The long-term catchment-averaged ety amounts to 1150 mm/a.

High-frequency seasonal and annual, as well as low-frequency interdecadal variations
of precipitation, play an important role in the management of regional water resources in
Greece [82]. These water resources are replenished to a high degree by winter precipitation,
which is consistently higher than mean precipitation over the summer months. Reference
evapotranspiration acts in an interplay with precipitation on a landscape’s water balance
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and there has been a general increase in reference evapotranspiration over the Mediter-
ranean during the past decades, caused by climate change [7]. To illustrate the temporal
climatic variations and changes on different time scales, the climatic model input is shown
in Figure 12 in two types of time series plots: the upper panels show annual spatial means
of p and ety, and the lower show intra-annual cycles (as raster hydrographs, following
an idea of Strandhagen et al. [83]). Several meteorological drought periods are visible in
the precipitation graphs, such as in the late 1970s and in the early 1990s. The increasing
trend of reference evapotranspiration appears to stall in the mid-1990s; however, there is a
significant peak at the end of the 30-year-period.
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Figure 11. Spatial distribution of long-term annual precipitation and reference evapotranspiration
for 1971-2000. Grey-scale background map shows topography.
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Figure 12. Temporal patterns of precipitation (top) and reference evapotranspiration (bottom) in the
PRB during the period 1971-2000. The upper panels show the annual sums, dashed lines indicate the
long-term average and low-pass-filtered curves (applied on a 10-year time window) in red highlight
mid-term variation patterns. The lower panels show monthly accumulations as raster hydrographs.
Hydrological years in Greece run from October to September.
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5. Results

Maps of the long-term annual water balance quantities for water resources man-
agement purposes in the PRB were calculated by temporal aggregation of mGROWA's
grid-based simulation results. Figure 13 displays the spatial patterns of simulated mean
annual actual evapotranspiration, total runoff, direct runoff, and groundwater recharge.
Because actual evapotranspiration strongly depends on the water available in soil and
impervious surface storages, the low water storage capacity of the ground surface and soil
in urban areas, in combination with the number of rain days per year, is the reason for the
low levels below 300 mm/a in these environments. In contrast, the high plant available
field capacity of soils and irrigation application raise evapotranspiration significantly above
the level of 650 mm/a over large areas of the agricultural plains. Forested areas in low
and moderate slopes reach levels above 600 mm/a, whereas Mediterranean shrublands
covering moderate to steep slopes as well as flat low-water-capacity soils exhibit mean
evapotranspiration values in the range 400 to 550 mm/a.

Actual evapotranspiration (1971-2000) Total runoff (1971-2000)

Aegean / Aegean
Sea

4,40?,000

4,350,000

Direct runoff (1971-2000) Groundwater recharge (1971-2000)

Aegean
Sea

4,400,000

GCS_GGRS_1987

o

3

o

3

<

=u Jkm
300,000 350,000 400,000 300,000 350,000 400,000

Actual evapotranspiration Total runoff, direct runoff, groundwater recharge
[ <300 mm/a  [_]500-550 mm/a [ <25mm/a  [_]100-150 mm/a [I2] 400-500 mm/a
[ 300-350 mm/a [__] 550-600 mm/a [ 25-50 mm/a [_| 150-200 mm/a [l 500-600 mm/a
[1350-400 mm/a [[.1] 600-650 mm/a [150-75 mm/a [_]200-300 mm/a [l 600-700 mm/a
[1400-450 mm/a [l > 650 mm/a [175-100 mm/a ] 300-400 mm/a [l > 700 mm/a

[1450-500 mm/a

Figure 13. Spatial patterns of simulated long-term annual (1971-2000) actual evapotranspiration,
total runoff, direct runoff, and groundwater recharge in the PRB. Grey-scale background map
shows topography.
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Precipitation water that does not leave the basin as evapotranspiration is modelled
as total runoff in mMGROWA in the long-term. High total runoff occurs in mountainous
terrain (>500 mm/a) and a general east-west gradient can be observed in the plains, with an
increase from 100 to 300 mm/a. These quantities of water runoff follow different flow paths,
according to the BFI values introduced in Figures 7 and 8. Quick runoff (interflow, overland
flow; considered as direct runoff) dominates in mountainous terrain, except in karstic areas.
Direct runoff feeds the river systems in the PRB mainly during the hydrological winter
half-year and is the main cause of the intermittent character of smaller creeks. Along the
fringes of the mountain ranges, direct runoff seeps laterally into unconsolidated aquifers of
the basins and acts as lateral aquifer recharge. The portion of the direct runoff that likely
infiltrates into groundwater bodies via the streambeds has not been considered; however,
major contributions to aquifer recharge originate from in-situ groundwater recharge, as
shown in Figure 13.

The spatial distribution of groundwater recharge is governed by geologic properties,
but also by the patterns of climatic quantities (mainly precipitation). The lowest recharge
rates occur in the southern parts of the Eastern Thessaly plain, with values below 50 mm/a.
In the north-western unconsolidated and highly permeable parts of the Western Thessaly
plain, recharge levels can exceed 300 mm/a. Significant groundwater recharge also takes
place in the karstic rock formations, with levels of 300 mm/a and higher.

Figure 14 illustrates the temporal patterns of in-situ groundwater recharge aggre-
gated for the whole PRB. As expected, recharge frequently occurs during the hydrologic
winter half-year, with no simulated recharge occurring for the majority of the summer
months. The interannual variability generally follows the precipitation patterns. The
long-term catchment-averaged annual groundwater recharge amounts to approximately
120 mm/a. Monthly precipitation quantities that are close to the mean climatological level
during winter half-year typically cause a low level of groundwater recharge of less than
20 mm/month. High groundwater recharge at the level of 50 mm/month and above occurs
only when precipitation exceeds 150 mm/month, i.e., during above-average wet months
and occasionally associated with extreme rain events. These events regularly lift the an-
nual groundwater recharge above the long-term annual average, whereas more uniform
temporal distributions of winter precipitation rarely lead to above-average levels.
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Figure 14. Temporal patterns of simulated in-situ groundwater recharge in the PRB during the period
1971-2000. The upper panel shows the annual accumulations, dashed lines indicate the long-term
average and low-pass-filtered curves (applied on a 10-year time window) in red highlight medium-
term variations. The lower panel shows monthly accumulations as raster hydrographs, with missing
cells indicating simulated groundwater recharge equal to zero. Hydrological years in Greece run
from October to September.

Figure 15 displays the spatial distribution of mean annual potential irrigation require-
ments (1971-2000) simulated using mGROWA, and Table 5 provides the corresponding
spatial statistics. Olives do not require extensive irrigation, whereas the other crops need
multiple applications of irrigation per season, which result in long-term means ranging
from 300 to more than 460 mm/a. The spatial patterns of the irrigation requirements
are controlled by a combination of influencing factors; primarily by precipitation, plant
available field capacity, and the irrigation rules.
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Figure 15. Mean annual potential irrigation requirement during the period 1971-2000. Grey-scale
background map shows topography.

Table 5. Spatial statistics (in mm/a) of long-term annual potential irrigation requirements (1971-2000)
in the PRB.

Mean Median  Interquartile Range  15th Percentile 85th Percentile

Vine 331 333 40 302 365
Olive 44 43 13 33 54
Ccp! 328 332 51 285 371
Corn 377 376 38 352 406
Alfalfa 407 411 59 367 457
Cotton 326 325 38 301 353

! Complex cultivation patterns.

Figure 16 displays the simulated mean longitudinal river discharge for the period
1971-2000 under the assumptions of congruent surface and sub-surface catchments of
the plotted river segments and largely natural discharge behaviour, i.e., no withdrawals
for irrigation purposes, bypasses, wastewater inflows, etc. The approach implemented
to calculate longitudinal river discharge profiles uses the total runoff pattern shown in
Figure 13 and flow directions derived from the DEM (Figure 4). The flow accumulation is
calculated using the fast algorithm proposed by Zhou et al. [84]. According to this approach,
the Pinios River has a long-term mean discharge (1971-2000) of 89.9 m?/s at the outlet to
the Aegean Sea.

Bringing together the simulated irrigation requirements, which represent the potential
irrigation requirements, and total runoff or groundwater recharge in practical indices
allows insights into spatial patterns of water availability for agricultural purposes [15].
Figure 17 shows the spatial distribution of the ratio of potential irrigation to total runoff
(PIQT ratio) and to groundwater recharge (PIQR ratio). These indices are calculated by
applying the flow accumulation approach to the simulated variables, and then using the
accumulated values at each grid cell to calculate the ratios. The ratios therefore depict the
overall situation at each grid cell, including the situation topographically upstream. Values
close to zero indicate zero or negligible water consumption by agriculture. Within the range
0 to 1, irrigation water consumption in the upstream areas can theoretically be supplied by
the runoff or groundwater recharge formed upstream. However, in practice values around
0.7 seem to be thresholds in this context. The higher the values above 1 (or 0.7), the more
water has to be transferred from other parts of the PRB to supply irrigation requirements.
In the case of irrigated agriculture in the Pinios delta, the major part of required water
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quantities are extracted from the Pinios River [85] and were previously formed as discharge
somewhere else in the headwaters of the river system.
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Figure 16. Long-term mean longitudinal river discharge profiles derived from mGROWA's total
runoff simulation using a DEM-based accumulation procedure. Only river sections with mean
discharge above 0.1 m®/s are shown. Grey-scale background map shows topography.
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Figure 17. PIQT and PIQR ratios derived from mGROWA simulation results. The grid resolution
was resampled to 1000 m using a spatial average to suppress local extremes. Grey-scale background
map shows topography.

The PIQT and PIQR also indirectly indicate the pressure on farmers to compete for
water for irrigation. The hotspot of this competition for water resources is clearly the
Eastern Thessaly basin. This is one of the main reasons for which the Lake Karla reservoir,
in the southern part of the Eastern Thessaly basin (see Figure 2), was re-established [22].
The small mountain fringe around the Karla reservoir provides significant quantities of
direct runoff which is used to counterbalance some of the water gap caused by the very
low level of in-situ groundwater recharge observed there.

Additionally, from a water management perspective, the long-term groundwater
recharge to precipitation ratio (QRP ratio) constitutes a useful indicator, as it provides spa-
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tial information about the percentage of precipitation that becomes groundwater recharge in
years of average climate conditions. The QRP ratio was calculated based on the mGROWA
simulation results and is shown in Figure 18. The highest ratios (>0.5) are attained in the
Western Thessaly basin, whereas the Eastern Thessaly basin again shows low values, in
particular at the south-eastern edge. Most of the mountain ranges also exhibit low ratios
frequently below 0.1 (except the karstic units), because rock formations are of low perme-
ability and cannot accommodate high amounts of groundwater recharge. As described
above, interflow is the dominant runoff component at these sites.
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Figure 18. QRP ratio derived from mGROWA simulation results. Grid resolution was resampled to
1000 m using a spatial average to suppress local extremes. Grey-scale background map shows topography.

6. Model Evaluation Strategy and Discussion

The evaluation of long-term water balance simulations covering a non-recent hydro-
logic period is challenging, particularly when river discharge gauges were not permanently
installed and maintained in a basin. As in many regions, long, reliable, and continu-
ous discharge hydrographs are rare for the PRB and hydrologic observation networks
were downsized during the last decades. Furthermore, discharge values from the pub-
lished literature do not necessarily match the hydrologic period modelled in this study.
For example, Therianos [86] provided an average discharge of 80.92 m?/s (published in
Foutrakis et al. [87]) in the Pinios estuary area, which was probably derived for below-
average dry years in the 1960s. However, this value compares well to the long-term average
(1971-2000) of 89.9 m?®/s produced by mGROWA. Moreover, Migiros et al. [32] state that
the mean annual total discharge is 3500 x 10°® m3 (equivalent to 111 m?/s), without naming
sources, which appears to correspond to wet year conditions.

The common method to evaluate mGROWA simulations is to compare long-term
mean observed discharge with simulated total runoff in a set of sub-catchments of a
larger basin. For this purpose, observed discharge is converted from m3/s to catchment-
averaged mm/a. Table 6 lists the set of gauges (sub-catchments shown in Figure 19,
right) that were selected from the results of research in the studies of HYDROMET [88],
Zarris et al. [89], and Koutsogiannis et al. [90]. A quality flag describing the reliability
of the streamflow data is also included in the Table 6, determined based on the detailed
description of gauges included in the study of Zarris et al. [89]. Within the evaluation
procedure, only periods with complete observed data were considered, except from only a
very few cases in which filled data with double linear regression were obtained from the
study of Koutsogiannis et al. [90].
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Table 6. River gauges and discharge values used for model evaluation.
Gauge Lon Lat Catchment Available Mean Observed Reliability
& & ) Area in km? Years Discharge in m3/s Assumption
Ali Efenti 22.07909 39.56958 2699 1960-1994 39.2 High
Amigdalia 22.25717 39.65873 6348 1974-1985 62.1 Low
Ampelia 22.52839 39.30903 626 1961-1985 2.8 Low
Gavros 21.60603 39.82118 230 1974-1985 1.5 Low
Kedros 22.03299 39.19899 493 1976-1981 6.4 Unknown
Larissa-Alkazar 22.41176 39.64145 .
Larissa-Giannouli 2240774 39.65258 7031 1961-1993 67:5 Low to Medium
Piniada 22.16876 39.58671 6025 1983-1993 42.6 High
Sarakina 21.63311 39.66903 1042 1961-1984 13.9 Low
Skopia 22.47855 39.15106 369 1972-1993 1.7 High
Long-term mean total runoff
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Figure 19. Simulated mean annual total runoff versus observed total runoff (left) in the sub-
catchments (right) of the PRB. Unfilled circles represent uncorrected simulated total runoff while
filled circles represent 100% correction by simulated potential irrigation. Grey-scale background map
shows topography:.

This evaluation procedure is additionally impeded by the fact that water abstraction
quantities from rivers and groundwater for irrigation purposes are unknown. Although the
observed discharge implicitly accounts for water abstractions, the spatially distributed total
runoff simulated in mMGROWA does not in the same way, because a part of the simulated
total runoff is transferred to irrigation internally within the sub-catchments. To therefore
correct these simulated runoff values and derive discharge values for a sub-catchment, a
fraction (considered as a correction factor) of the simulated potential irrigation requirement
(Figure 15) should be subtracted from the total simulated runoff. The values of the correction
factors are catchment-specific and are unfortunately unknown. For this reason, we show
the whole range of the possible influence of the correction factors in the scatter plot of
results shown in Figure 19 (left), in which unfilled circles represent uncorrected simulated
total runoff while filled circles represent 100% correction by simulated potential irrigation.

The results presented in Figure 19 suggest a tendency for the mGROWA model to
overestimate the total runoff in smaller mountainous headwater sub-catchments such
as Gavros, Skopia, Sarakina, Kedros, and Ampelia, where irrigation water consumption is
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generally lower than in the plains. The smaller range resulting from the correction process
indicates these lower irrigation requirements. We hypothesise that one reason for this
finding could be that the orographic gradients applied (see Section 4.4) could overestimate
precipitation quantities in high altitudes; however, this would also influence the model
performance at the downstream gauges. The large sub-catchments corresponding to the
gauges Larissa (as the sum of Alkazar and Giannouli gauges), Piniada, and Amigdalia reveal
a good agreement of the simulation and observation. This is indicated by the position
of these points close to the 1:1-line and their linking lines (dotted) that intersect it. The
knowledge of the true amount of irrigation water abstraction would likely lead to a very
good model performance after application of the relevant correction factor. Consequently,
we conclude that mGROWA has been proved to provide a reliable spatially distributed
water balance of the PRB.

In contrast to the total runoff, the evaluation of groundwater recharge is even more
challenging. In general, groundwater recharge in a basin can be equated with base flow
over a long period. Behind this approach is the assumption that the inflow (recharge) and
outflow (base flow) from an aquifer must be constant in the long-term if the level in the
aquifer also remains constant. In practice, the base flow can be determined by filtering the
hydrograph, however, this process requires daily streamflow data which were available
only for the gauges in Larissa. The implementation of Arnold’s filtering method [91] in
daily streamflow data from Larissa yielded a base-flow fraction of 0.54 in total discharge.
This compares well with the value of 0.46 that can be derived from our mGROWA setup
for the Larissa sub-catchment.

7. Summary and Future Research

The components of the water balance, most importantly the crop-specific potential
irrigation requirements, actual evapotranspiration, total runoff, direct runoff, and ground-
water recharge, were simulated using mGROWA for the PRB for 1971-2000. The estab-
lished model setup comprises comprehensive observed climatic input data and spatially
distributed parameters from national and European datasets. The derivation of reliable
geomorphologically plausible parameter distributions (BFI values, plant available field
capacity, etc.) posed a key challenge in the study.

A trend of increasing reference evapotranspiration in the range of 1050 to 1200 mm/a
has been observed in the PRB in the period 1971-2000, while the precipitation time series
shows an extended dry period from 1988 until 1993, but without a noticeable long-term
trend. The long-term catchment-averaged annual potential irrigation requirements of the
major crops cultivated in the PRB varies from 300 to more than 460 mm/a. Comparing
to other studies, our results are reasonable for the major crops of the PRB. More in detail,
Tsakmakis et al. [92] presented that irrigation water requirements calculated with crop
growth modelling and applied in cotton fields located in North Greece ranged between
227 mm (deficit irrigation applied with drip system) and 400 mm (regular irrigation applied
with sprinkler system). Stamatiadis et al. [93] reported that intermediate irrigation was 300
and 335 mm for cotton fields located in the PRB (near Larissa) for years 2008 and 2009, re-
spectively. For a corn cultivation field located in the Pinios River Basin, Tsakmakis et al. [94]
indicated irrigation requirements of 350 mm based on crop growth modelling. Neverthe-
less, according to the water district management plan [35], cotton irrigation requirements
were found to range between 427 and 445 mm. These requirements are significantly higher
than the average cotton irrigation requirements presented in Table 5. This discrepancy
is mainly attributed to the different approach in calculating crop irrigation requirements.
Irrigation water requirements reported in the water district management plan [35] are
calculated according to the Greek Ministerial Decision No. ®.16/6631 (JoG issue B" 428
2/6/1989) “Estimation of the minimum and maximum necessary volumes for the rational
use of water in irrigation”, which is based on the Blaney—Criddle formula [95]. According
to Tegos et al. [96], this formula was found to overestimate the potential evapotranspiration
by 30% in Greece, while for stations located far from the sea, such as Larissa, the deviation
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was found to exceed 50%. Moreover, cotton irrigation requirements reported in the water
district management plan imply full irrigation, while our approach is based on moderate
deficit irrigation of cotton. Similar or higher discrepancies in irrigation water requirements
are also presented for the other crops. These differences are partially reflected at the basin
scale, since the 814 hm? of average annual potential irrigation water demand simulated
with mGROWA for the irrigated agricultural land of the PRB is substantially less than
the 1202.5 hm? reported in the water district management plan [35]. Aside from the dif-
ferent irrigation water requirement calculation methodologies, this difference can be also
attributed to the following factors: (1) our calculations do not incorporate the efficiency of
irrigation systems and losses of water distribution, meaning that they can be considered to
be close to the optimal and (2) for cotton and complex cultivation patterns, moderate deficit
irrigation is applied with mGROWA, which reduces the irrigation water requirements on
the basin scale.

The extraction of these water volumes from the ground and surface waters places
substantial stress on the water resources of the basin. The groundwater resources of
the basin are recharged at a mean rate of approximately 120 mm/a. In line with the
long-term temporal patterns of precipitation, there was no obvious temporal trend in
groundwater recharge in the PRB from 1971 to 2000, but groundwater recharge declined
corresponding to the extended dry period from 1988 until 1993. The mGROWA simulation
provides additional data for further analyses and comprehensive statistics in terms of
water resources management, e.g., the PIQT and PIQR ratios. The procedure applied to
evaluate the total runoff simulated by mGROWA revealed the uncertainties associated
with modelling in data-scarce basins, such as the PRB. There are several starting points to
improve, proceed and extend the water balance modelling in the PRB in addition to the
findings achieved so far, some of which are briefly discussed in the following paragraphs.

Due to the grid-based 1-D nature of the mGROWA model, simulation results require
some post-processing in a GIS-system or numerical groundwater model to derive final key
parameters for decisions in water resources management (e.g., to derive the sustainably
usable groundwater supply in a groundwater body). In the case of the PRB, interflow as
a component of direct runoff seeps laterally into unconsolidated aquifers of the basins
along the fringes of mountain ranges and acts as lateral recharge of the main aquifer.
Thus, the total aquifer recharge of the main aquifers in the two Thessaly plains consists
of this lateral component, in-situ groundwater recharge in the plains and other difficult
to estimate influxes over various boundaries. In practice, the water volumes and rates
calculated using mGROWA can serve as boundary conditions in more specific groundwater
modelling studies, as described in Herrmann et al. [97]. Nevertheless, simulation results
from mGROWA have been proven to provide reliable decision support for water resources
management at the regional scale, e.g., recently in the federal state of Lower Saxony
(Germany) [14] and the Ergene River Basin (Turkey) [18].

In addition to the application of mMGROWA to provide data on total water fluxes for
water resources management, the model has been established in a model chain together
with a regional-scale nutrient model (nGROWA-DENUZ) In the Thessaly Water District,
nitrates constitute a diffuse pollution from agricultural activities that should be controlled
and mitigated [98]. The ongoing implementation of the already established action plans in
Thessaly would benefit from results of the model chain mGROWA-DENUZ.

In the context of the present study, we provide a comprehensive description of param-
eterisation workflow, adapted to the data availability situation in Greece. This workflow
can be used as a guidance for the implementation of fully distributed water balance models
in European data-scarce regions, since the data used are usually available under public
domain. Nevertheless, and as described in this article, further improvements to the in-
put datasets are needed to advance the model’s reliability. It is widely known that the
Mediterranean region is prone to severe observation data scarcity. For this reason, the
Pinios Hydrologic Observatory (PHO) [99] was established to improve data availability
in the eastern part of the PRB and to support the improvement of parameter estimations,
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which are of fundamental importance for water balance modelling in the Mediterranean
region [49]. In the PHO, for example, several observation sites at the southern slopes of
the Mount Ossa massif have been equipped with various meteorological and soil moisture
sensors. They almost completely cover the range of elevation levels in the region and
can support, among other things, increased accuracy in the calculation of the orographic
gradients of precipitation and reference evapotranspiration described in Section 4.4.

To complement the model performance evaluation presented in our study, we propose
additional methods for evaluation in future studies. Model performance evaluation will
continue to be an issue in forthcoming studies. We plan to evaluate simulated soil moisture
time series (INGROWA MLSM) by comparing simulated soil moisture time series with the
advanced remote sensing products described in El Hajj et al. [100] and Bazzi et al. [101],
using an approach similar to Herrmann et al. [17]. Additionally, for the evaluation of
simulated total runoff and baseflow, improvements in model evaluation might be difficult
to achieve, since the current river flow monitoring network is not able to support such a
task. Nevertheless, analysing reconstructed historical hydrographs in combination with a
modern powerful hydrograph filter (e.g., described in Pelletier and Andréassian [102]) can
provide information to support the suitability of the BFI values chosen for this study.

A major obstacle to the efficient water resources management in the PRB is the non-
existence of short-term retrospective and forecasting water balance simulations, which
could quantify, for example, the severity and impacts of water scarcity events. The me-
teorological observation network in the PRB has shrunk over the previous decades and
the gridded E-OBS data (ENSEMBLES daily gridded observational dataset for precipita-
tion, temperature and sea level pressure in Europe [103,104]) show many gaps over the
PRB model domain. A possible approach to accurately characterise the spatiotemporal
patterns of meteorological data from 2000 onwards seems to be the use of reanalysis data
(e.g., COSMO-REAG6 [105]) in a model chain with mGROWA. As a mid-term goal, the full
operational mode of mMGROWA is intended to encompass the coupling with numerical
weather forecast models.

Numerous studies have stated that irrigation water requirements are expected to
increase [106] and available freshwater resources to decrease [107] in the Mediterranean
region due to climate change. A reduction in mean annual precipitation in the PRB of
80 mm/a is expected by 2100 [34]. Several studies have already demonstrated the suitability
of implementing mGROWA for climate change impact studies [15,17,108]. Consequently,
such a study using mGROWA in a chain with the EURO-CORDEX RCM ensemble [29]
is the next reasonable step towards providing the data basis for developing strategies for
future water resources management in the PRB.
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