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Abstract 

Despite being necessary for effective water management, the assessment of an irrigation 
system requires a large amount of input data for the estimation of related parameters and 
indicators, which are seldom measured in a regular and reliable manner. In this work, 
spatially distributed surface energy balance fluxes and GIS analysis of multiple 
groundwater parameters were used to estimate water availability, supply and demand, in 
order to calculate water accounting indicators. This methodology was used to evaluate 
the performance of an irrigation system in the Pinios River Basin (Greece) at two selected 
years of high and low water availability. Time series of archived satellite images and 
groundwater measurements have been used for past years to support comparative 
analyses, due to the limited availability of actual water measurements. The resulting 
maps from the proposed methodology show that the performance of the irrigation system 
varied across space and time due to differences of its characteristics and changes in its 
operation, driven by fluctuation of water availability and the response of stakeholders to 
water depletion. Irrigation districts with unsustainable water management were identified, 
and together with those with slow and/or limited groundwater recharge were brought to 
the attention of water managers. The observed differences in the system operation 
between the wet and dry years were attributed not only to the hydrological conditions of 
each year, but also to the changing behaviour of farmers and the improvement actions of 
the water managers. 
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1. Introduction 

To meet demand for increased production, water resources are often 
overexploited causing severe environmental degradation and social problems 
(Hamdy et al. 2003). In addition, the changing climate has exacerbated the 
pressure on water resources by increasing the variability of regional precipitation, 
diminishing aquifer recharge during the wet season and decreasing soil organic 
matter. Thus there is an impact on the soils' water holding capacity, a drop in 
groundwater levels and consequently in groundwater reserves, and further 
aridification with longer droughts (Kundzewicz et al. 2008). Particularly in the 
Mediterranean, an already overexploited area which is expected to be severely 
affected by climate change, excessive use of irrigated water is expected to 
deteriorate the limited freshwater resources by depleting the aquifers, discharging 
agri-chemicals and accelerating saltwater intrusion. 
 
As a response, several interrelated European directives and initiatives have been 
issued to help protect water resources from further deterioration and 
progressively restore the quantity and quality status of water bodies, amongst 
which most important are: the European Water Framework Directive (EC 2000) 
that has the general objectives of improving water quality, guaranteeing provision 
of sufficient quantities of good quality water for all purposes, and avoiding any 
long-term deterioration; the Common Agricultural Policy with its reform (EC 2003) 
focuses on sustainable agriculture to promote environmental safeguards and 
ensure future yields, including relieving pressures on water resources (Herbke et 
al. 2006); the groundwater daughter directive (EC 2006) which establishes 
specific measures in order to prevent and control groundwater pollution; and the 
nitrates directive (EC 1991) which aims at protecting waters from pollution 
caused by nitrates of agricultural sources. Among others, EU legislation demands 
the identification of pressures from agriculture and estimation of water 
abstractions, with the overall aim to recover the costs of water services, including 
environmental and resource costs. A crucial step in this direction is the 
knowledge of water parameters that characterise the utilisation of water 
resources for agriculture, among other uses. 
 
Irrigation system characterisation is necessary for effective water management, 
as it provides essential knowledge through performance and accounting 
indicators (Kassam et al. 2007; Molden and Sakthivadivel 1999). However, a 
large amount of input data are required to estimate these indicators, which are 
seldom measured in a regular and reliable manner to cover the entire river basin 
or even irrigation system (Biggs et al. 2006; Droogers 2002). Recent advances in 
satellite earth observation can provide several parameters related to irrigation 
management: mapping the irrigated area (Alexandridis et al. 2008; Biggs et al. 
2006), evapotranspiration (Alexandridis et al. 2009; Irmak and Kamble 2009; 
Singh et al. 2012), biomass and yield estimation (Bastiaanssen and Ali 2003; 
Basso et al. 2001), irrigation monitoring and management (Bastiaanssen et al. 
2000; Santos et al. 2008), irrigation system performance (Santos et al. 2010; 
Zwart and Leclert 2010) , groundwater management and monitoring (Awan et al. 
2012; Castaño et al. 2010). In addition, earth observation can provide unique 
solutions in cases of complex irrigation systems, where the cost of traditional 
means of data collection could be prohibitive (Bastiaanssen et al. 2000; Chemin 
and Alexandridis 2006). 
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Groundwater modeling is also a valuable tool that assists the characterization of 
an irrigation system, especially in southern European semi-arid environments 
where surface water resources are inadequate and irrigation is essentially based 
on groundwater abstractions form a single or multiple-aquifer system. Such 
modeling tools may contribute to the assessment of the effects from the operation 
of an irrigation system to the regional groundwater resources under various 
alternative management scenarios and climatic regimes (Boskidis et al. 2012; 
Lambrakis and Kallergis 2001; Koukidou et al. 2010). A relevant work by Paydar 
et al. (2009), introduced an approach to quantify irrigation losses up scaled to 
irrigation area level employing a detailed crop-soil-water modelling exercise. 
Irrigation losses have been considerable, strongly affecting the efficiency of an 
irrigation network and influencing the overall water balance of a region. Part of 
the efficiency of an irrigation network relates to the distribution system and 
delivery schedule used. Hence, Zaccaria et al. (2010) introduced a soil-water 
balance modeling approach to identify the most efficient water delivery schedule 
in a semi-arid climatic region suffering by water shortage and groundwater 
salinisation. However, mathematical groundwater modeling, including the crop-
soil-water modeling interaction is often prohibitive due to lack of substantial data 
sets and/or time series, amongst others. An alternative approach under such 
conditions is the GIS assisted calculation of basic water balance elements of the 
entire studied basin. 
 
The use of Geographical Information Systems (GIS) has been successfully 
combined with hydrological and groundwater models in irrigation water 
management (McKinney and Cai 2002; Xu et al. 2001; Tsihrintzis et al. 1996), 
despite the issues of uncertainty that are inherently linked to the overall process 
(Sui and Maggio 1999). Such issues relate to the data acquisition and availability, 
model calibration and visualisation. In recent literature, Awan et al. (2012) 
combined a capillary rise hydrological model and the Penman equation (Penman 
1950) using GIS and remote sensing techniques to estimate the crop irrigation 
requirements and eventually various scenarios of groundwater recharge. In 
groundwater resources, modeling and GIS certainly offer great assistance in 
managing data uncertainties, however it is well-acknowledged that large volumes 
of data are required to obtain meaningful and trustworthy results (Gogu et al. 
2001; Refsgaard et al. 1999). Modeling algorithms are nowadays well-developed 
and provide high precision results. However, in actual terms this precision cannot 
be utilised since data acquisition, spatial extrapolation and up-scaling techniques 
are often of limited accuracy (Lubczynski and Gurwin 2005). Groundwater 
availability and balance, and its spatial and temporal distribution is thus a 
problem that can be solved with a reasonable degree of accuracy through 
modeling approaches, provided that enough and trustworthy data are available. 
Under limited data conditions, a more simplistic approach is required that makes 
use of the GIS capabilities and resorts to basic and readily available groundwater 
resources related data, such as water levels, utilising for the calculations a one-
off parameterised aquifer system and as variable only the groundwater levels. 
 
Thus, due to the unavailability of frequently measured data, the characterisation 
of groundwater dependent irrigation systems has often been performed statically, 
disregarding potential deviation because of variable water availability (Javan et 
al. 2002; Jensen 2007; Dechmi et al. 2003). The aim of this paper is to combine 
remote sensing and GIS groundwater modeling to characterise the management 
of an irrigation system under conditions of high and low water availability and 
highlight the differences between these two regimes in relation to sustainable 
irrigation management. Three specific steps were followed to reach the 
objectives: (i) identification of water use from spatially distributed actual 
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evapotranspiration estimates derived from satellite earth observation, (ii) 
estimation of groundwater availability using geographic analysis of multiple 
groundwater parameters and 3D GIS modeling, and (iii) characterisation of the 
irrigation system during irrigation seasons with high and low water availability 
using water accounting indicators. This work is part of a wider project related to 
the economic valuation of irrigation water, driven by the implementation of the 
European Water Framework Directive in Greece. 
 

2. Materials and methods 

2.1 Site description 

The study area is in the lower part of Tyrnavos basin, a sub-basin of Pinios river 
(central Greece). The climate is typical Mediterranean, with annual rainfall from 
400 to 500mm, distributed almost entirely during the cold season, without any 
significant precipitation during the hot summer. Thus, several irrigation systems 
have been developed to support the cultivation of highly productive summer 
crops. 
 
Agriculture is the dominant economic activity in the study area, covering 
approximately 16,000 ha (71% of the gross area). Most crops (cotton, alfalfa, 
sugarbeets, maize, vegetables, orchards and vinyards) are irrigated and on the 
aggregate represent 65% of the total cultivated area. The remaining agricultural 
land (35%) is used for cereal production, and is mainly rainfed. The most 
common irrigation methods are by sprinkler and micro-irrigation. The source of 
utilised water resources is groundwater. 
 
Three local irrigation organisations cater irrigation water to producers through 
collective networks within their districts: Tyrnavos, Ampelona, and Aghias Sofias 
(Fig. 1). Nowadays all operating networks are pressurised, whilst until recently an 
extensive gravitational network operated on the eastern part of the Ampelona 
district (subsequently divided into Ampelona East and Ampelona West) tapping 
the karstic spring of Mati until 1998, when it was abandoned because of 
diminishing discharge from the spring. Despite the collective irrigation works, 
several privately owned wells exist and operate to cover irrigation demands of 
land that does not fall into the jurisdiction of the aforementioned collective 
networks, mainly in the north and eastern ends of the study area and are named 
for this work as the Argiropouli and Pinios districts. 
 
The karstic aquifer bounds the alluvial aquifer system along its western edge. On 
a regional scale, two aquifer units, a superficial unconfined and a deep confined 
to semi-confined may be distinguished within the alluvial deposits and have a 
maximum thickness of over 550m towards its central parts (Demitrack 1986). The 
alluvial aquifer system is predominantly recharged through lateral crossflows 
along its western margins, and direct infiltration from precipitation at an average 
rate of 106 Mm3/y in a dry and 133 Mm3/y in a wet year (Panagopoulos 1996; 
Constandinidis 1978). Discharge from the system occurs mainly in the form of 
abstractions from a vast number of production wells that operate throughout the 
basin and tap both aquifers at an average rate of 136 Mm3/y in a dry and 115 
Mm3/y in a wet year. Due to the documented bedrock uplift south-east of the 
Pinios River (Geophysique 1972; SAS 1974) and mismanagement of the water 
resources, especially in the past, partial hydraulic cut-off between the upstream 
and the downstream parts of eastern Thessaly basin exists (Panagopoulos 1995; 
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Panagopoulos et al. 2008), thus prohibiting recharge of the latter through 
crossflows. As a result, a severe negative water balance has been established 
since the mid 1980’s (average rate of 30 Mm3/y) that gave rise to considerable 
adverse effects to water quality and triggered extensive surface subsidence 
(Katsilouli et al. 2004; Marinos et al. 1997; Soulios 1997). Nevertheless, during a 
wet year a surplus has been documented and 18 Mm3/y can be stored in the 
system (Panagopoulos et al 2008). 
 
[Fig. 1 about here – Colour on the web only] 
 

2.2 Datasets 

The satellite images used were selected on the basis of their ability to map 
characteristics of irrigated crops and surface energy parameters. Two types of 
satellite images were used:  
(i) Low spatial resolution (ground sampling distance of 1.1 km) but frequently 
acquired (daily acquisition) images of the AVHRR (Advanced Very High 
Resolution Radiometer) sensor on board the NOAA (National Oceanic and 
Atmosphere Administration) satellite. Altogether, 15 images were acquired for 
each year (1996 and 2002) from the USGS archive 
(http://edcimswww.cr.usgs.gov/pub/imswelcome/), from which six were selected 
based on their cloud coverage (cloud free images were preferred) and their 
temporal distribution (one each month during the irrigation season: April to 
September).  
(ii) A single date high resolution (30x30m) Landsat TM/ETM+ (Enhanced 
Thematic Mapper) image per year, strategically acquired at the peak of the 
irrigation season (23/08/1996 and 05/08/2002). 
 
In the absence of water meters in the irrigation well heads, water abstractions 
were approximated through calculations based on electric consumption, technical 
specifications of the installed pumping systems and the depth to groundwater. 
 
Since the early 1970s, monthly piezometric data records from approximately 25 
piezometers distributed within the study area were used for the assessment of 
groundwater resources evolution, i.e. changes in water quality and quantity and 
hence availability for a specific use. Moreover, the distribution of essential hydro-
geological parameters was taken into account, namely infiltration percentage (i), 
specific drawdown (s/Q) and transmissivity values (T), as these were defined in 
earlier studies conducted in the region (Constandinidis 1978; Panagopoulos 
1995) and critically reviewed on the basis of contemporary data where available.  
 
The aquifer system geometry was considered (Geophysique 1972; SAS 1974), 
and the hydrodynamic evolution model that was proposed in an earlier study 
(Panagopoulos 1995), including a groundwater budget calculation approach that 
was adopted and updated accordingly where necessary. 
 
Daily meteorological data were acquired from the Larissa station (N39o 39', E 22o 
27', elevation 73.6 m amsl). The data used in this work were: air temperature, 
relative humidity, wind speed, air pressure, solar radiation, and precipitation. 
 

2.3 Surface energy fluxes to estimate irrigation water use 

Actual evapotranspiration (ETa) is a good estimate of irrigation water use in large 
heterogeneous areas where limited information is available (e.g. no water meters, 
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no regular flow estimates). ETa in the study area was calculated by applying the 
Surface Energy Balance Algorithm for Land (SEBAL) on the satellite images 
which had a thermal band (NOAA AVHRR and Landsat TM/ETM+). SEBAL is a 
thermodynamically based model, using the partitioning of sensible heat flux and 
latent heat of vaporisation flux as described in Bastiaanssen et al. (1998). It has 
been used in hydrological applications from local to regional scales and has been 
validated in Spain, France, Turkey, Egypt and other Mediterranean countries 
(Bastiaanssen et al. 2005; Kite and Droogers 2000).  
 
The ratio of heat fluxes (or evaporative fraction: Λ) is an output of SEBAL, and 
was calculated as: 

0

0

0 GR

HGR
=

GR

λE
=Λ

net

net

net 


  
where, Rnet is the instantaneous net radiation (W/m2), G0 is the instantaneous soil 
heat flux (W/m2), H is the instantaneous sensible heat flux (W/m2) and λE is the 
instantaneous latent heat flux (W/m2). 
 
λΕ was calculated based on Λ, multiplied by the diurnal net radiation at the 
surface of the earth (Rnday), calculated spatially from the surface broadband 
albedo data (ρ0, calculated from the satellite images) and the single-way 
transmissivity of the atmosphere (τsw=0.75). 
 

   swdayday KRn=    1101 0  

 

Where 
dayK  is the daily incoming solar radiation (W/m2). 

 
The actual daily evapotranspiration (ETa) was calculated by aggregating λE over 
24 hours. Moreover, the SEBAL algorithm was initialised with a set of parameters 
that characterise the conditions at the meteorological station: height of wind 
measurement (4m), wind speed at satellite overpass time, and vegetation height 
around the meteorological station (0.5m). 
 
SEBAL has been used here to estimate ETa on certain sample dates during the 
cropping season, giving a very good indication of its spatial distribution. However, 
it cannot be used directly in water balance studies because of its wide fluctuation 
from day to day, depending on meteorological conditions and availability of water. 
Therefore, in order to obtain an accurate estimation of seasonal ETa, daily values 
had to be simulated. In this study, the method for temporal integration was a 
modification of the Λ method, as described in recent literature (Waters et al. 
2002; Chemin et al. 2004). Daily ETo (reference evapotranspiration) was 
calculated with the standardised Penman-Monteith method (Allen et al. 1998). 
The fraction ETrFj = ETaj/EToj, where j refers to the satellite image acquisition 
date, was considered constant for the time period between two consecutive 
satellite images. Previous work demonstrated that this assumption holds true for 
periods with similar rainfall and soil moisture conditions (Farah 2004; Singh et al. 
2012). Nevertheless some systematic errors in ETa estimation are cancelled out 
while computing seasonal ETa (Bastiaanssen et al. 2002). The seasonal ETa (ETs 
hereafter) could be simulated with the following equation: 

ETs = 
j

( ETrFj *




1j

j

t

ti

EToj) 

where tj and tj+1 delimit each period. 
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The above mentioned equation combines the temporal component (expressed by 
daily ETo) with the spatial component of ETa calculation (expressed by ETrF for 
each satellite image acquisition) to better describe the daily fluctuation of ETa. 
Thus, ETs is accurately estimated as the spatial variation of water availability and 
is described by the satellite images, which were assumed to be representative for 
each period, and the temporal variation is described by the daily meteorological 
observations. 
 
The spatial resolution of ETs from AVHRR was originally 1.1 km, and was 
subsequently improved to 30 m, using a simple linear distribution model (Chemin 
and Alexandridis, 2004). This model re-distributed the original value of ETs found 
in a pixel of 1.1x1.1 km to a higher spatial resolution, using the high spatial detail 
of the Landsat TM/ETM+ image as a guide. The advantage of the model was to 
keep the initial values of ETs unchanged, which was an essential prerequisite for 
estimating water use volumes. 
 

2.4 GIS analysis to estimate groundwater availability 

Groundwater resources availability and management should always be 
considered at a basin scale (Freeze and Cherry 1979; Kallergis 1999; EC 2000). 
However, for practical reasons related to water logistics, an approach was 
adopted to estimate the available groundwater resources that could be allocated 
for use at the irrigation district level of the study area. For this purpose the 
concept of a water availability index was introduced. This index provides a 
measure of the availability or non-availability of groundwater in each particular 
irrigation district of the study area, in terms of volumes of water. In the compiled 
methodology, a GIS approach was adopted and a set of nine parameters (Table 
1) that control groundwater resources evolution were considered. These 
parameters may be divided in two discrete groups. The first group consists of 5 
parameters that describe the characteristics and the hydrodynamic evolution 
trend of the aquifer system. As such, these are either not time dependent, or an 
assumption is made that their values do not change dramatically in time. The 
second group consists of 4 parameters that are time dependent and control 
groundwater availability on an annual basis.  
 
Each parameter was assigned a weighting factor on a scale of 1-10. Larger 
weighting factors were selected for the second group as the respective 
parameters were sensitive and changeable, subject to meteorological 
phenomena and applied water management practices, thus emphasising that 
they are critical to the annual cycle of the system (Table 1). For each one of the 
identified parameters a thematic map of the spatial distribution of values was 
compiled. The range of values for each parameter was then classified on a scale 
of 1 to 5. Weighting factors are assigned on the basis of expert opinion, and as 
such they are somewhat subjective. Classes are established on the basis of 
equally distributing the range of identified values for every parameter under 
consideration.  
 
[Table 1 about here] 
 
The Availability Index (AI) was then calculated with the following equation: 

 










n
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Where: AI is the dimensionless groundwater availability index, n is the number of 
parameters, WFn is the weighting factor of the nth parameter and CLn is the class 
number of the nth parameter. 
 
In practice, the solution to this algorithm was produced through GIS analysis of 
nine superimposed thematic layers that described each of the nine considered 
parameters. Fig. 2 illustrates the results of this analysis for the two considered 
reference years (1996 and 2002), in terms of weighted values of the water 
availability index per irrigation district. 
 
[Fig. 2 about here – Colour on the web only] 
 
The water availability index has integrated information regarding the structure, 
properties and evolution mechanisms that control the aquifer system. However, it 
does not include any information regarding the actual volume of groundwater 
available for use and its distribution (in accounting terms) on a fair basis among 
the irrigation districts, i.e. proportionally to the fraction of the aquifer system within 
the limits of each irrigation district, assuming uniform distribution of water 
demands in each one of them. To address this issue, a volumetric approach was 
followed. This approach was based on the bedrock relief map (Geophysique 
1972; SAS 1974) and on April’s piezometric map (statistically highest 
groundwater levels in the study area) from each of the two considered reference 
years. The total volume of the aquifer system within the study area was 
calculated using 3D GIS analysis i.e. calculating the volume between the bedrock 
relief and the piezometric surface for April of each considered year and 
multiplying the product by the effective porosity of the aquifer system; the latter 
assumed to be 10% according to previous studies (Panagopoulos 1995; Sogreah 
1974). The corresponding volume of each irrigation district within the study basin 
was calculated on the basis of its spatial extent, and these volumes were 
expressed as percentages of the total volume of the aquifer system (Table 2). In 
performing these calculations, an assumption was made that at the regional 
scale, the effective porosity of the aquifer system is practically uniform, which 
was confirmed by the available borehole lithological sections. Therefore, the 
calculated volumetric percentages per irrigation district may also be regarded as 
actual water volume percentages.  
 
[Table 2 about here] 
 
The distribution of available groundwater amongst the irrigation districts is 
controlled and should therefore be calculated as a function of both the volumetric 
percentage and the water availability index of each irrigation district. The two 
parameters discussed are correlated in the following algorithm that yields the 
volumetric budget available per year and irrigation district:  
 

   
  tot

i

iAIAIivv
i V

WF

fWFfWF
V 





,  

where: 
Vi : the volume of groundwater available at each identified irrigation district (i), in 
m3/a, 
WF: a weighting factor assigned to each of the two considered parameters: WFV 
for volume of aquifer system V and WFAI for water availability index AI, 
f: the percentage of the parametric values (aquifer volume and availability index) 
at each irrigation district compared to the total value for the entire studied area, 
and 
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Vtot: the total volume of groundwater available, in m3/a. 
 
In this algorithm, the sum of the two weighting factors is 10 and the following 
values were accepted in a partially arbitrary manner: WFV=3, WFAI=7.  The 
importance of each of the aforementioned parameters is subjective, however, the 
water availability index is considered of higher importance since it accounts for a 
number of well-weighted factors that control the hydrodynamic behaviour of the 
aquifer system, hence the actual availability of groundwater on an annual basis. 
This is especially so given the fact that the proposed methodology opts for the 
utilisation of groundwater that is annually replenished and not for the permanent 
reserves.  
 
Available groundwater was deduced from the calculated recharge elements of 
the water budget at the scale of the study area (sub-basin). Inevitably, over dry 
hydrological years, the natural replenishment is limited and the water budget may 
be deficient. In such cases, as for example in the reference year 1996, the 
calculated water deficit is distributed to each irrigation district on the basis of their 
spatial extent percentage. 
 

2.5 Water accounting indicators 

A number of studies have proposed the use of indicators for the characterisation 
of the performance of irrigation systems, such as irrigation water productivity, 
adequacy, equity and reliability of water distribution (Bastiaanssen and Bos 1999; 
Molden and Sakthivadivel 1999; Santos et al. 2010). Performance can be 
evaluated for various reasons, such as to improve system operations, to assess 
the sustainability of a system, and to compare actual results to planned targets. 
In this work, the water accounting indicators used to quantify water use and 
characterize the operation of the irrigation systems were available water, 
depleted water, process depleted water, depleted fraction of available water, and 
process fraction of depleted water (Molden and Sakthivadivel 1999) (Table 3). 
The process depleted water is the water consumed for beneficial uses, in this 
case irrigation. The depleted fraction of available water (DFavail) reveals how 
sustainable a system is and the scope for further use of water resources. The 
process fraction of depleted water (PFdepl) shows the beneficial utilisation of water 
and connects the amount of water used for all beneficial uses with the depleted 
water.  
 
[Table 3 about here] 
 

3. Results and discussion 

Reports by the local water administrators were taken into account to select two 
irrigation seasons with extreme water availability conditions: 1996 which was a 
year of low water availability and 2002 which was a year of high water availability. 
Thus, the previously described methodology was applied during these two years. 
The results were reported per irrigation district. In order to facilitate comparison 
across years and irrigation districts, results were displayed as water height (mm), 
or dimensionless indicators. 
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3.1 Water supply and use 

In general, process depleted water was slightly higher during the dry year (study 
area mean was 621 mm in 1996 and 600 mm in 2002), as factors that favour 
reference evapotranspiration had higher values than the wet year. However, 
Argiropouli district showed a slight increase of process depleted water (from 552 
mm to 578 mm) which could be due to changes in cropping pattern (shift from 
trees to high consumption annual crops). The geographic distribution of process 
depleted water (Fig. 3) shows that values were higher at the eastern districts of 
the study area in both years (> 650 mm in East Ampelona and Pinios), indicating 
that higher water consuming crops dominated (cotton and maize). 
 
Despite the very slight increase of process depleted water, depleted water (Fig. 
4) was considerably higher during the dry year (1123 mm in 1996) than in 2002 
(748 mm), due to excessive groundwater abstractions. Farmers responded to the 
increased crop water requirements with disproportionately high irrigation 
applications, which had no effect on crop development (based on crop statistics, 
not reported here). The highest levels of depleted water were noted at the south-
eastern half of the study area (1012 mm in Pinios, 1025 mm in West Ampelona 
and 1293 mm in East Ampelona). The extreme value at East Ampelona was due 
to the high losses of the gravity irrigation system that was still operating in 1996, 
while the high values at the other two districts in 1996 were an indication of 
inefficient water management during a dry year. In the wet year, 2002, the Pinios 
and Argiropouli districts were the highest users of irrigation water, while the other 
four districts (which operated under a collective irrigation system) were on the 
lower side. This could be an indication that a collective irrigation system operates 
well under high water availability, while this occurs rarely under low water 
availability regimes, such as in the Tyrnavos district in 1996). 
 
[Fig. 3 and 4 about here – Colour on the web only] 
 

3.2 Water availability 

Available water (Fig. 5) was higher in the wet year (study area mean was 1057 
mm in 1996 and 1129 mm in 2002). However, the difference was lower than 
expected, probably due to the combined and cumulative effects of the dry years 
preceding 1996 and 2002 on the hydrogeological system (Panagopoulos et al. 
2008). Across the study area, water availability was higher at the northwest 
reaches (> 2000 mm in Argiropouli) because of recharge from the karstic domain, 
as well as the eastern end because of recharge from the river Pinios (> 1500 mm 
in the Pinios district). 
 
Compared with process depleted water, the available water was higher in both 
years (considerably higher in the wet year). This means that available water 
resources can meet the crop water requirements even during prolonged dry 
periods. However, compared with depletion, water availability was lower in the 
dry year. Taking into account the higher crop water requirements for this year, 
this is the effect of inefficient water management during a dry year (districts of 
Aghias Sofias, West and East Ampelona). To cover the excessive water 
depletion, withdrawals were made from resources committed to downstream 
users (eastern Thessaly basin in Fig. 1) or the permanent reserves of the aquifer 
system. 
 
[Fig. 5 about here – Colour on the web only] 
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3.3 Water accounting indicators 

PFdepl was considerably lower in the dry year (study area mean was 0.55 in 1996 
and 0.8 in 2002), indicating that supplied water was not utilised by crops but lost 
due to low irrigation efficiency. The spatial distribution of PFdepl (Fig. 6) shows that 
most irrigation districts had constant values across the two years, except for East 
and West Ampelona that have higher values in the wet year (0.90 and 0.89, 
respectively) as compared to the dry year (0.37 and 0.63, respectively). In these 
two irrigation districts several improvement works had occurred, such as 
abandonment of the gravity canals and improvement of irrigation application 
methods, which were not observed in the other irrigation districts. 
 
DFavail was considerably higher in the dry year (study area mean was 1.06 in 
1996 and 0.66 in 2002) indicating that most or all of the available water resources 
were diverted to agricultural use. Moreover, a value higher than 1.0 during the dry 
year implied that the study area was a closed basin, i.e. all available water was 
depleted. The additional depleted water was withdrawn from commitments to 
downstream users or the permanent reserve. During the wet year, DFavail 
returned to low values, indicating that the system is sustainable and recharging 
the aquifer. The spatial distribution of DFavail (Fig. 7) displayed that several 
districts with collective irrigation systems had values greater than 1.0  in 1996 
(1.18 in Aghias Sofias, 1.52 in West Ampelona, and 1.60 in East Ampelona). 
These are unfavourable areas for groundwater recharge, and combined with low 
efficiency irrigation systems have lead to depletion of locally available water 
resources. Except for the privately operating irrigation districts (DFavail ranged 
from 0.43 to 0.62 in Argiropouli and Pinios), Tyrnavos had persistently low DFavail 
(0.59 in 1996 and 0.46 in 2002), indicating efficient water management. 
 
The inverse trend of PFdepl and DFavail between the two years confirms that in a 
dry year, although most of the available water was diverted to irrigation, this was 
not utilised beneficially by the crops (due to low irrigation system efficiency, or 
because the plants simply didn't need that amount). 
 
[Fig. 6 and 7 about here – Colour on the web only] 
 

3.4 Discussion and implications for irrigation management 

Groundwater modeling is important in irrigation system characterisation, mainly in 
groundwater dependent systems. Remote sensing can only be used indirectly for 
groundwater monitoring (Awan et al. 2012; Castaño et al. 2010). This work 
presented an alternative groundwater modeling approach under limited data 
conditions, which was a GIS assisted calculation of basic water balance elements 
of the entire studied basin. In doing so, simple and easily measured and/or 
calculated parameters are only considered so that local stakeholders and 
decision makers be able to perform regardless of their scientific capacity and 
data collection infrastructure. Relevant combinations of hydrological models and 
GIS have been presented in various hydrological conditions, ranging from semi-
arid Uzbekistan where recharge rates were estimated for a small irrigation district 
(Awan et al. 2012), to monsoon driven India where groundwater resources were 
assessed in large irrigation systems (Chowdary et al. 2003). 
 
Spatial variability of water accounting indicators in the study area was dictated by 
topography and the hydrogeological setting of the basin, favouring certain areas 
(Argiropouli and Pinios districts) with high availability of water resources (karstic 
recharge, proximity to the river Pinios). Also, preference to highly productive 
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annual crops in the central and eastern side of the study area (East Ampelona 
and Pinios districts) has resulted to extreme water depletion. Such large 
variability of neighbouring irrigation districts (e.g. Tyrnavou vs. West Ampelona) 
can lead to rapid deterioration of overall water resources, as all districts share in 
fact the same surface and groundwater water bodies. The differences noted 
between the wet and dry years were driven by hydrologic conditions (water 
availability) and the response of farmers and water managers to the long term 
water regime, who adapted to the declining water resources. Optimistically, there 
were cases of irrigation districts with improved water management (Tyrnavos 
district), bearing actions such as upgrading of irrigation application methods, 
organisational improvements and raising public awareness to reduce wasted 
water (Administration of Tyrnavos Irrigation District, personal communication, 
2008). 
 
Water management was proven inadequate during the dry year by displaying low 
irrigation efficiencies. Farmers responded in the dry year with excessive water 
applications and other practices that promoted high consumption, such as 
irrigating during the warm hours of the day, use of sprinklers, not conforming to 
the water distribution system, etc. However, it seems that districts with collective 
irrigation systems (Tyrnavos, Ampelona, and Aghias Sofias) operated well under 
high water availability, while during the dry year privately operating irrigation 
systems were more efficient (districts of Argiropouli and Pinios). Similar difficulty 
to manage efficiently the irrigated water was noted in Indus basin (Alexandridis et 
al. 1999), in Spain (Rocamora et al. 2012), South Africa (Hellegers et al. 2009) 
and Yellow river (Liu et al. 2008). Inversely to the previously reported high 
irrigation efficiencies during dry years, the high PFdepl noted during the wet year in 
the study area was probably influenced by the prolonged water shortage of the 
previous dry years, or due to improved distribution efficiency (better management 
by district administrations). 
 
Although available water resources in the study area could meet irrigation 
demands, water abstractions were higher than the available water in the dry year, 
which is the outcome of inefficient water management during a difficult year. To 
meet increased abstractions, water was withdrawn from resources committed to 
downstream users or from the permanent reserve. This situation can lead to 
social instability (Kijne 2010), and when it appears in transboundary basins, 
political issues are raised (Gleditsch et al. 2006; Kliot et al. 2001). Long term 
overexploitation of water resources for irrigation has lead to deterioration of water 
quality (Karpouzas et al. 2006; Khalil and Hanna 1984; Nikolaidis et al. 2008), 
land degradation and desertification (Biswas 1987; Zalidis et al. 2002), and river 
basin closures (Falkenmark and Molden 2008; Molle et al. 2010). 
 
Overall, the results indicate the need for improved irrigation management in 
various districts of the study area. The districts of Pinios, West and East 
Ampelona could decrease their depleted water by shifting to low water 
requirement crops (orchards and vines) and also shifting to higher efficiency 
irrigation methods (Panagopoulos 1995; Panagopoulos 1996). The irrigation 
network of Aghias Sofias could be renewed to improve irrigation efficiency 
(MinEnv 2012). Finally, artificial groundwater recharge in Aghias Sofias, West 
and East Ampelona irrigation districts, in the form of aquifer storage recovery 
wells utilising the winter time discharge of Mati karstic springs, could increase 
groundwater replenishment (Koukidou et al 2010; MinEnv 2012). 
 
The intensive agricultural activity of the study area is a severe pressure on the 
water resources. During the dry year, water abstractions were excessive, 
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predominantly in the East Ampelona district operated by gravity canals. Similar 
pressures on water resources have appeared worldwide, in places where the 
increasing population or economic development has demanded constant 
increases to the irrigated area, or higher agricultural intensity, or increased 
competition between water users (Rockström and Barron 2007; Seckler et al. 
1999; Shiklomanov 2000). Moreover, the intensive irrigation and associated 
fertilisation in the study area have resulted in peaking nitrate concentrations in 
the remaining groundwater reserves, and several pending penalties from the EU 
court according to the Nitrates Directive (Karyotis et al. 2001; Karyotis et al. 
2002). Also, as a result of the excessive abstractions in the study area and its 
vicinity, permanent damage to the south-eastern extension of the aquifer system 
have been reported due to aquifer compaction (Kaplanidis and Fountoulis 1997; 
Soulios 1997).  
 
The study area may not reach the required status according to the European 
Water Framework Directive. Indeed, the wider study area has recently been 
characterized as a groundwater body in poor status due to its quantitative 
condition, although its chemical quality is at good status (MinEnv 2012). More 
specifically, a clear groundwater head decline at an average rate of 0.5 m/y has 
been documented since the mid 1980’s as a result of the applied poor water 
resources management practices. The results of this work may contribute 
towards a reasonable water pricing policy which would provide incentives for 
water saving. The combined effect of additional groundwater resources protection 
and restoration measures such as sensitisation of farmers and managers, 
modernisation of the irrigation system, and groundwater artificial recharge, would 
result in mid-term visible recovery signs within the next 10-15 years (Koukidou et 
al 2010). However, even though within this time frame a reverse of the 
groundwater head decline trend could be achieved, full recovery of the system to 
its designated baseline would require more than 25 years. 
 
The suggested methodology has several benefits for the local and regional water 
managers. First, it takes into consideration key hydrogeological aspects that 
relate directly to groundwater resources replenishment and availability, as well as 
the crops conditions and energy interactions as depicted in regularly acquired 
satellite images in multiple wavelengths. Second, it can be applied effectively in 
basins with limited availability of water volume measurements, using as main 
source of inputs the archived satellite images, routine groundwater 
measurements and standard meteorological data, without resorting to 
extravagant, high tech approaches that are data consuming and require non-
existent infrastructure. Third, the costs associated with this work are low, as is 
often when remote sensing and GIS technology is given preference to ground 
data collection methods. Finally, the spatial location of identified problems may 
help to focus on site specific improvements in the operation of irrigation systems 
and higher possibilities for water savings.  
 
Some weights of the hydrogeological model have been assumed in a somewhat 
arbitrary manner. A sensitivity analysis of the algorithm was performed revealing 
that the values assigned to the weighting factors of the two considered 
parameters were only important during hydrologically deficient years and 
especially in the irrigation districts of Aghias Sofias, West and East Ampelona 
that were distant from the main recharge zones and were characterised by high 
abstraction rates and relatively low values of aquifer hydraulic parameters 
(compared to the regional average). In such cases, selection of a high weighting 
factor for the water availability index, lead to more conservative (i.e. lower) 
estimates of water availability. Hence, accepting a reasonably high weighting 
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factor value for the water availability index has lead to estimates that essentially 
safeguard rational water use, towards the direction of resource sustainability, and 
is in accordance with the European Water Framework Directive. 
 

4. Conclusion 

In this work, a combination of spatio-temporal energy balance fluxes and GIS 
analysis of multiple groundwater parameters were used to estimate irrigation 
water demand, supply, and water accounting indicators, in order to evaluate the 
differences in irrigation system characterisation between years of high and low 
water availability. The methodology provided the parameters needed for irrigation 
system characterisation, despite the limited availability of actual water 
measurements. Historical data were retrieved for past years to support 
comparative analyses. 
 
The performance of the irrigation system varied across space and time due to 
differences of its characteristics and changes in its operation, driven by 
fluctuation of water availability and the response of stakeholders to water 
depletion. Examples of irrigation districts with efficient and others with 
unsustainable water management have been identified. The observed 
differences in system operation between the wet and dry years were attributed 
not only to the hydrological conditions of each year, but also to the changing 
behaviour of farmers and the actions of the water managers of Tyrnavos district. 
Practices leading to poor performance were easily depicted thus leaving space 
for suggestions towards improvements hence better and more efficient water 
management. 
 
The presented methodology provided information that covers the temporal and 
spatial dimensions, thus enhancing the understanding of the irrigation system. 
This alternative approach to viewing patterns of water parameters could assist 
water managers to organise the system more efficiently and provide the means 
for raising awareness to increase stakeholders' participation. Finally, this 
quantitative information on the human pressures on water resources and their 
impact at the basin level can be further used in retrieving the cost of water 
services, thus satisfying the relevant articles of the European Water Framework 
Directive. 
 
The advantages of the presented methodology include the consideration of key 
hydrogeological parameters, the use of frequently acquired satellite images to 
monitor the crop conditions and energy interactions, its applicability in basins with 
limited availability of water volume measurements, and its low cost as compared 
to ground data collection methods. 
 
The in-depth analysis of the irrigation system’s effectiveness that was based on 
dynamic evolving parameters of the water providing (water bodies) and the water 
consuming system (irrigation patterns) is thought to be essential in developing an 
understanding of the water needs, the system's sustainability and its scope for 
further development. In turn, these elements are of paramount importance in 
building strong foundations in the direction of preparedness and capacity building 
in the context of the expected climate change, especially in the semi-arid regions 
of the planet. 
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Tables 
 

Table 1 Considered parameters for the calculation of water availability index 
 
 Description of parameter Assigned 

weighting factor 
Characteristics-particularities of system and hydrodynamic trends 
1 Transmisivity (m2/d) 3.5 
2 Specific drawdown (m/m3/d) 3.5 
3 Average rate of groundwater level variation (20 years) 

(cm/a) 
4.5 

4 Direct infiltration from precipitation (%) 1 
5 Aquifer recharge zones (origin and importance) 5 
Temporal variation of groundwater availability 
6 Domestic water abstractions per unit area (m3/d/km2) 6 
7 Agricultural water abstractions per unit area (m3/d/km2) 8 
8 Deviation of annual from mean-annual (20 years) 

precipitation (%) 
9 

9 Deviation of maximum annual depth to groundwater 
(April) from mean (20 years) maximum depth to 
groundwater (%)  

10 

 
 

Table 2 Volumetric percentage of each identified irrigation district within the study basin 
 

Irrigation district 
Volumetric 
percentage 

East Ambelona 26.23 
West Ambelona 29.89 
Aghias Sofias 15.06 
Tyrnavos 15.54 
Pinios 4.91 
Argiropouli 8.38 
Total 100.00 
 
 

Table 3 Definition of the water accounting parameters and indicators 
 

Water accounting parameter or indicator 
(units) 

Equation used 

Available water (mm) Available = GWres + R' 
Depleted water (mm) Depleted = Qirr + R' 
Process depleted water (mm) Process depleted = ETs 
Depleted fraction of available water (-) DFavail = Depleted/Available  
Process fraction of depleted water (-) PFdepl = Process depleted / Depleted 
Where 
GWres: groundwater resources, 
Qirr: irrigation water, 
R': effective rainfall, 
ETs: seasonal evapotranspiration 
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Figure legends 

 
Fig. 1 Irrigation districts of the study area (a), and its location in the Pinios river basin (b) 
 

 
Fig. 2 Weighted values of calculated water availability index 
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Fig. 3 Process depletion per irrigation district and year 
 

 
Fig. 4 Depletion per irrigation district and year 
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Fig. 5 Available water per irrigation district and year 
 

 
Fig. 6 Process fraction of depleted water per irrigation district and year 
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Fig. 7 Depleted fraction of available water per irrigation district and year 
 


