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Abstract: Among the vital economic sectors that compete for the scarce water resources in Greece as well as the Mediterranean 
area, agriculture holds a special position. Agriculture has a dominant role in sustaining the growth of rural areas and at 
the same time represents the major water consumer. In order to tackle the aforementioned issues, efficient water 
resources management plans comprising appropriate solutions, best practices, data, and tools are required. However, 
this effort becomes even more challenging in the case of poorly gauged regions and especially in countries 
characterized by vast spatial and temporal variability like Greece. Accordingly, this effort presents a methodology for 
a large-scale evaluation of agricultural water needs for the entire country. The proposed methodology is using an 
entirely spatially distributed, continuous hydrological model, in order to estimate the spatial distribution of the 
hydrological balance components, the monthly and yearly mean streamflow values at every point of the studied region 
as well as irrigation water needs and plants water stress. The model operates as an extension of the ESRI ArcGIS, a 
GIS software package, in order to facilitate the fully spatially distributed calculation of the hydrological balance 
components, and at the same time to make use of the advanced capabilities of ArcGIS in managing (editing, analyzing 
and visualizing) geographical data. The applied methodology produced valuable information concerning agricultural 
water management, and may act as an effective assessment tool for the evaluation of land use or climate variation 
impacts and of related adaptation and mitigation strategies. 
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1. INTRODUCTION  

Agriculture sector has a dominant role in sustaining the growth of rural areas and at the same 
time represents the major water consumer in Greece as well as the Mediterranean area. Therefore, 
water conservation in agriculture has recently received much attention in the light of increasing 
competition for fresh water resources between the various users, especially in semi-arid and arid 
regions facing limited water availability and at the same time increased water needs (Karavitis et 
al., 2011, 2014; Soulis et al., 2015a). In order to tackle the aforementioned issues, efficient water 
resources management plans comprising appropriate solutions, best practices, data, and tools are 
required. However, this effort becomes even more challenging in the case of poorly gauged regions 
and especially in countries characterized by vast spatial and temporal variability like Greece as well 
as for the case of broad area regional studies. In such cases, the estimation of the main water 
balance components based on meteorological data using a hydrological model seems to be the main 
feasible alternative (Soulis et al., 2016). This alternative is further facilitated by the development of 
modern tools such as geographical information systems (GIS), and remote sensing (Soulis and 
Dercas, 2007, 2010).  

Specific scales and purposes require the use of different modelling approaches. Accordingly, 
hydrological models are categorised according to their spatial and temporal representation, their 
simulation basis, or their purpose. For example, when their spatial representation is considered, 
hydrological models can be categorized to “Lumped”, which represent a catchment or a sub-
catchment as a single entity, e.g. HEC-HMS (US Army Corps of Engineers) and Soil and Water 
Assessment Tool - SWAT (US Department of Agriculture), and to “Distributed” models, which 
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divide the catchment into many small entities, e.g. Cascade Two Dimensional model - CASC2D 
(Ogden, 1997) and Système Hydrologique Européen Transport - SHETRAN (Ewen et al., 2000). 
Furthermore, the advances in hydrological theory and the constant increment of the available 
computer power enable the development of more sophisticated hydrological models. For instance, 
the recent advances in Geo-Information Systems (GIS) and the increased availability of spatial data 
facilitated the closer integration of GIS and hydrological models (e.g. Efstratiadis et al., 2008; Li 
and Zhang, 2008; Soulis and Dercas, 2007, 2010). 

In this study, a methodology for a large-scale evaluation of agricultural water needs in Greece is 
presented. The proposed methodology is using a grid based, spatially distributed, continuous 
hydrological model, in order to estimate the hydrological balance components, the monthly and 
yearly mean streamflow values at every point of the studied region as well as irrigation water needs 
and plants water stress in spatially distributed form.  

2. MATERIALS AND METHODS 

2.1 Hydrological model 

In this study, the fully spatially distributed, continuous hydrological model AgroHydroLogos 
(Soulis and Dercas, 2007, 2010; Soulis, 2013; Soulis et al., 2016) is used in order to estimate the 
monthly and yearly mean streamflow values at every point of the studied region. AgroHydroLogos 
was developed as an extension of the GIS software package ArcGIS (ESRI) in order to facilitate the 
calculation of the hydrological balance components in grid based spatially distributed form and at 
the same time to make use of the advanced capabilities of ArcGIS in managing, editing, analyzing 
and visualizing geographical data (Fig. 1). The model calculates, on a daily or on a monthly 
temporal basis, the main hydrological balance components, such as, soil moisture, direct runoff, 
deep infiltration, actual evapotranspiration, and base flow. Furthermore, it calculates other 
important parameters, including plants water stress and irrigation water needs in order to constitute 
a valuable software tool for agro-hydrological analysis.  

 

Figure 1. Print screen of AgroHydroLogos main menu and forms. 

The main reason behind the selection of AgroHydroLogos simulation model in this study is that 
it is a grid-based spatially distributed hydrological model. In this way, it was possible to consider 
the complex vegetation cover and disperse spatial distribution of the various crops in the study area 
during the estimation of the irrigation water requirements. Furthermore, using a simulation model 
developed in-house provides more insight and at the same time flexibility in adapting the model to 
the specific requirements of the present application. Finally, the model has been applied and tested 
under Greek conditions in previous studies; therefore, the application of the model in an extended 
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area was facilitated (Soulis et al., 2016). 
In this study, the monthly temporal discretization is used. In this case, the estimation of the water 

balance components is based on the Thornthwaite-Mather (1957) model, which is composed of one 
soil reservoir and one ground water reservoir. It has only two parameters, i.e. the available water 
capacity of the soil reservoir at each grid cell (AWC i,j) and a retention parameter (ac). In every 
temporal step and every grid cell, given the precipitation depth Pt,i,j, the potential evapotranspiration 
depth ETp t,i,j at the current temporal step as well as the soil water storage depth St-1,i,j and the surface 
runoff depth Qt-1,i,j, at the previous temporal step, the actual evapotranspiration depth ETa t,i,j, the 
surface runoff depth Qt,i,j, the ground water recharge depth Qgw t,i,j, and the soil water storage depth 
St,i,j at the current temporal step are calculated as follows: 

St,i,j = St−1,i , j + Pt ,i , j − ETp t ,i , j
ETa t ,i , j = ETp t ,i , j

Qtemp t ,i , j = St,i,j − AWCi,j
Qt ,i , j = ac (Qt−1,i , j +Qtemp t ,i , j )

St,i,j = AWCi,j
Qgw t ,i , j =Qtemp t ,i , j −Qt ,i , j
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 (1) 

The subscript t defines the current temporal step and the subscripts i, j define the current grid 
cell. 

In this application, ETp is calculated as a function of the reference evapotranspiration (ETo) and 
of the land cover characteristics using an adjustment coefficient (Kc) according to FAO (1998) as 
follows: 

ETp=ETo*Kc (2) 

The values of Kc are determined for each grid cell and each month, depending on the vegetation 
characteristics of each place, based on the model’s knowledge base, which contains information for 
a wide range of land cover types. ETo is calculated with the Hargreaves method (Hargreaves and 
Samani, 1985) due to limitations posed by the meteorological data availability (minimum, 
maximum, and mean temperature values for each time step were available). 

Irrigation water needs (IRR) are calculated for each of the grid cells belonging to agricultural 
areas and for each month as the difference between the evapotranspiration rate for standard optimal 
conditions (equal to ETp*Sc) and the evapotranspiration rate for the actual conditions (ETa) (Eq. 4). 
The adjustment coefficient (Sc) is the acceptable ETp reduction percentage without significant yield 
reduction (normally Sc=0.95). 

IRR=ETp*Sc - ETa (3) 

Base flow is simulated based on the exponential equation proposed by Arnold et al. (1993) and 
Hattermann et al. (2004), while snow accumulation and snowmelt processes are considered based 
on the air temperature (Hock, 2003).  
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Finally, runoff routing through overland flow and through the hydrographical network is 
performed with a simplified travel time approach described in detail in the study of Soulis (2013).  

A more detailed description of the simulation model can be found in the studies of Soulis and 
Dercas (2007, 2010), Soulis (2013), and Soulis et al. (2016). 

2.2 Model setup - Input data 

The model applied for a 26-year period and in monthly time basis, from October 1970 to 
September 1996, and it allowed estimating irrigation water needs all over Greece (national scale, 
area ≈ 131,940 km²).  

The spatial resolution of the hydrological model was set to 300 m x 300 m for the calculation of 
the hydrological balance, while it was set to equal with the spatial resolution of the DEM (85 m x 
85 m) for the runoff routing process. The selection of the spatial resolution resulted as a 
compromise between the required accuracy and the performance and data storage limitations posed 
by the size of the study area. A finer spatial resolution designated for the runoff routing process to 
allow for a more detailed representation of the drainage network. The digital elevation model 
(DEM) used in the current effort obtained by the Shuttle Radar Topography Mission (SRTM) 
(Jarvis et al., 2008). The soil data used for the estimation of the Available Water Holding Capacity 
(AWHC) data layer derived from the European Soil Database (Panagos et al., 2012). The land cover 
data originated from the CORINE Land Cover (CLC) 2000 and 2012 datasets. 

Finally, twenty-two meteorological stations distributed along the study area utilized in this study. 
The available data were monthly precipitation depth and monthly minimum, maximum, and mean 
temperature values from 1970 to 1996. 

The first year of the simulation period was used as a warm up period in order to initialize the soil 
moisture spatial distribution, which is an initial condition that is not feasible to be directly 
estimated. 

Table 1. Model validation sites and statistics 

ID Place 
Basin Area 

(km2) NSE 
Logarithmic 

NSE 
PBIAS 

(%) 
1 Penteli, Attiki 8 0.59 0.80 21.25 
2 Alphios, Mesochora 549 0.52 0.75 -24.68 
3 Arapitsa, Naousa 129 0.61 0.66 -12.76 
4 Faneromeni, Naxos 9 0.72 0.80 14.30 
5 Pineios, Thessalia 10,776 0.65 0.82 9.28 
6 Evinos 1,083 0.82 0.82 -11.45 
7 Mornos 920 0.79 0.86 -0.48 
8 Venetikos, Grevena 817 0.78 0.72 -4.64 
9 Ladonas 750 0.63 0.50 -22.09 
10 Louros 520 -1.97 -6.88 -52.08 
11 Aliakmonas 5,005 0.58 0.78 4.74 
12 Arachthos 1,820 0.58 0.84 -27.08 
13 Vouraikos 184 0.67 0.70 10.58 
14 Selinountas 320 -2.28 0.51 79.13 
15 Pineios, Ilia 725 0.74 0.60 -1.67 
16 Aoos 1,520 0.38 0.67 -39.11 
17 Aggitis 1,866 -0.32 -0.56 -16.89 

2.3 Calibration – Validation 

The calibration and validation of the hydrological model hampered due to the very limited 
availability of reliable hydrological data as compared to the size of the study region. Therefore, the 
main calibration parameters of the model as well as the precipitation and temperature grades were 
adapted based on a trial and error approach using information and hydrometeorological data 
presented by Koutsoyiannis et al. (2008) and Ministry of Environment and Energy (2015). 
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Furthermore, the model has been tested for specific parts of the studied region in previous studies 
(Soulis and Dercas, 2007, 2010).  

Model validation was made by comparing the predicted and observed average monthly 
streamflow rates coming from 17 sites around the study area (Table 1). The corresponding 
streamflow data obtained from the studies of Koutsoyiannis et al. (2008), Soulis et al. (2015b), 
Soulis and Dercas (2007), and Papadaki et al. (2015). The performance criteria used were the Nash-
Sutcliffe efficiency (NSE), the NSE with logarithmic values (lnNSE), and the percent bias (PBIAS). 
The model performance was considered satisfactory if NSE and lnNSE > 0.5 and PBIAS < ±25% 
(Moriasi et al., 2007; Rahman et al., 2013). 

3. RESULTS AND DISCUSSION 

As previously described, the model applied for a 26-years period and it allowed the estimation of 
the different water balance components as well as irrigation water needs at a monthly time step all 
over Greece. Moreover, the model validation results presented in Table 1, indicate that its 
performance is acceptable in most cases according to the criteria posed and considering the 
previously described limitations (Moriasi et al., 2007; Rahman et al., 2013). 

Based on the above model results the spatial distribution of the 25 years average monthly and 
yearly values irrigation water needs were calculated. 

 

Figure 2. Average annual irrigation water needs depth spatial distribution (a) and irrigation water needs volume per 
water district (b). 

In Fig. 2a the spatial distribution of the average annual irrigation water needs depth is illustrated. 
As it can be observed, there is a vast spatial variability of the annual irrigation water needs ranging 
from almost 0 mm to above 650 mm. This variability is mostly a result of the different crop patterns 
but can be also attributed to the impact to the meteorological conditions of the steep relief, 
including a massive sierra with a north-south direction dividing the mainland of the country. For 
example, the three bigger uniform zones of high irrigation water needs are located in the three big 
plains of the eastern part of the country (Thessaly, Thessaloniki, and Strymonas river valley). In 
contrast, it can be clearly seen that the irrigation water needs in western Greece are noticeably lower 
mainly due to the considerable higher rainfall depths prevailing at western Greece. The same 
findings obtained when the potential irrigation water needs volume for the 14 water districts of 
Greece considered (Fig. 2b). The obtained results also highlighted the vast temporal variability of 
irrigation water needs. The average needs for the studied crop covers ranged between 0 mm on 
December and 96.5 mm on July. The above findings highlight the ability of the proposed 
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methodology to provide valuable information concerning water resources planning and 
management as well as to act as an effective assessment tool for the evaluation of land use or 
climate variation impacts and of related adaptation and mitigation strategies.  

 
Table 2. Estimated irrigation water needs for the studied land cover types for each water district and for the entire 

study area. 

Water 
District 

Permanently irrigated 
land Non-irrigated arable land Vineyards 

AREA 
Km2 

Irrig. Needs AREA 
Km2 

Irrig. Needs AREA 
Km2 

Irrig. Needs 
mm m3x1000 mm m3x1000 mm m3x1000 

GR01 77.7 476 36956 138.3 118 16264 29.7 265 7876 

GR02 157.9 481 75905 418.4 126 52573 360.1 258 92803 

GR03 41.0 401 16410 149.9 72 10736 11.7 204 2390 

GR04 312.6 496 155185 266.2 136 36259 2.4 231 563 

GR05 241.9 409 98952 189.1 97 18402 4.4 239 1052 

GR06 0.0 0 0 54.0 178 9634 62.0 311 19255 

GR07 417.2 513 214099 1257.9 172 216379 12.8 276 3527 

GR08 2209.1 496 1094864 2722.4 137 372317 23.1 284 6576 

GR09 133.6 380 50796 2724.1 48 129875 14.0 111 1560 

GR10 971.5 453 439683 3032.3 110 332277 30.2 247 7472 

GR11 1045.8 452 472713 1408.6 97 136142 25.6 259 6608 

GR12 871.7 455 396659 2437.7 147 358791 8.4 268 2247 

GR13 16.7 329 5509 27.4 176 4828 218.3 244 53264 

GR14 0.0 0 0 319.3 174 55613 40.4 277 11176 

Total 6496 381 3057731 15146 128 1750090 843 248 216368 
Water 
District 

Fruit trees and berry 
plantations Olive groves Complex Patterns 

(crops/natural vegetation) 
GR01 12.6 478 6024 847.0 266 225073 2121.8 194 412070 

GR02 172.8 531 91773 481.7 280 134927 1890.7 210 396199 

GR03 255.8 538 137693 649.9 285 185059 1702.4 214 364767 

GR04 13.4 528 7079 187.2 291 54567 1570.5 201 315270 

GR05 73.5 450 33092 245.2 232 56909 1894.0 165 311623 

GR06 7.8 555 4343 51.6 326 16794 755.9 268 202239 

GR07 24.4 502 12235 670.8 326 218509 2056.1 243 500021 

GR08 98.3 529 51994 88.0 303 26707 1161.8 196 227526 

GR09 450.6 423 190716 1.7 127 217 1971.5 109 214717 

GR10 4.3 451 1946 149.0 253 37643 1362.6 177 240517 

GR11 0.0 0 0 27.4 223 6098 621.6 166 103250 

GR12 1.7 476 814 47.9 284 13605 796.1 197 156714 

GR13 57.5 514 29536 1915.6 276 528737 1224.2 239 292545 

GR14 21.4 470 10073 521.6 288 150380 1978.4 244 482122 

Total 1194 460 577317 5884 269 1655223 21107 201 4219580 

 
In Table 2, the calculated irrigation water needs volume for each studied land cover type and for 

each water district of the study area are presented. It should be noted that the calculated irrigation 
water volumes are potential values assuming that the entire area is irrigated. In order to provide a 
more reasonable approximation of the actual irrigation water needs (Fig. 2) estimations of the 
percentages of each crop cover type that is actually irrigated were used. These estimations based on 
the irrigated areas statistics provided by ELSTAT (Hellenic Statistical Authority). Comparing the 
obtained irrigation needs estimations (Fig. 2) with the estimations included in the master plans on 
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water resource management for the 14 water districts of Greece” (Ministry of Environment and 
Energy, 2015) it can be seen that the applied efficient and fast automated methodology provides 
comparable predictions. For example, the estimated irrigation water needs for GR2 in the 
corresponding master plan are 401.5 hm3 (present study: 435.2 hm3), for GR04 are 367 hm3 (present 
study: 318.2 hm3), for GR08 are 1550 hm3 (present study: 1335.5 hm3), for GR10 are 527.6 hm3 
(present study: 640.4 hm3). At the same time the applied methodology on top of being fast and 
efficient, provides considerable flexibility allowing the investigation of several crop distribution and 
climate scenarios.  

However, the current study also highlighted the limitations of CLC classification for similar 
studies. The main limitation is that according to the CLC classification the delineation of irrigated 
crops is difficult. Furthermore, in areas dominated by small fields, which is the case for the current 
study area, the agricultural areas classified in CLC as “complex” (i.e. annual crops associated with 
permanent crops, complex cultivation patterns, and agriculture, significant areas natural vegetation) 
cover a very large part of the total agricultural lands. In this study, the corresponding categories 
covered 21,107 km2 which is 45% of the total area covered by agricultural lands. Finally, it should 
be noted that an important limitation is also the scarcity of detailed and reliable soil data in the 
entire study area. 

3. CONCLUSIONS 

In this Study, a grid based, spatially distributed, continuous hydrological model is used to make a 
large-scale evaluation of agricultural water needs in Greece. The model operates as an extension of 
ESRI ArcGIS utilizing its advanced capabilities in editing, analysing and visualizing geographical 
data. The applied methodology provided efficient estimations of the spatial distribution of the 
irrigation water highlighting the vast spatial variability, which is a result of the crop patterns 
variability, the topography, and the meteorological conditions. The obtained results were 
comparable with the estimations included in the master plans on water resource management for the 
14 water districts of Greece. 

The results of this study highlighted the ability of the proposed methodology to provide valuable 
information concerning agricultural water management and to act as an effective assessment tool 
for the evaluation of land use or climate variation impacts.  

However, the current study also highlighted the limitations of CLC classification for similar 
studies as well as the limitations posed by the scarcity of detailed and reliable soil data. 
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