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Abstract:  Adaptation to climate change should be taken into consideration by water resources management-development plans. 
In this paper, climate variability and change are assessed in a hydraulic agriculture project, with the latter to form part 
of the Programme of Measures proposed in the River Basin Management Plan of the Water District of Thrace, 
Greece. In particular three Regional Climate Models and two emission scenarios are utilized, by integration to 
hydrological and hydropower simulation models, to investigate the river runoff potential to cover augmented 
irrigation demands resulting from future reclamation works. The analysis of the referenced data derived from the 
Regional Climate Models, in comparison with gauged data, demonstrated the underestimation of the temperature for 
the whole basin while the precipitation is overestimated for two of the three models. The future climatic projections 
revealed an increase of the temperature from 7.2% up to 21.5%, and a significant decrease of the precipitation varying 
from 50 to 150 mm, compared to the relevant data during the reference period. In terms of water volumes for the 
supply of the irrigation networks, the analysis showed that in the case of the models that overestimate the reference 
precipitation, the water demands were fully met. On the other hand, the outputs derived from simulation of data 
coming from the less optimistic, in terms of precipitation, climate model indicate a lack of water not only for 
successfully irrigating the proposed reclamation project but also for covering the current water needs.  
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1. INTRODUCTION 

Water is one of the most critical resources for agricultural development at global scale, with 
irrigation water supply systems to be significantly important infrastructures in the cultivation of 
agricultural crops, maintenance of landscapes and use of soils in dry areas, particularly during 
periods of inadequate rainfalls (Yoo et al., 2016). Global irrigated areas have increased more than 
six fold over the last century, from approximately 40 million ha in 1900 to more than 260 million ha 
at the end of the century (FAO, 1999). Moreover, the highest yields that can be obtained from 
irrigation are more than double of those derived from rainfed agriculture, with even low-input 
irrigation to be more productive than high-input rainfed agriculture (FAO, 2002). Similar studies in 
the Mediterranean basin demonstrated that the average productivity of irrigated agriculture, 
according to official 1997 data, was 2031.94 €/ha, as against 287.71 €/ha to non-irrigated land, i.e., 
a 700% average improvement in productivity when water is available (Berbel and Gómez-Limón, 
2000). Furthermore, rainfall distribution in the Mediterranean does not coincide with the periods of 
high water demands. In particular, water stress periods have a time span that lasts from late spring 
to early autumn and, at the same time, intensive water uses take place, e.g., agricultural use and 
water supply due to the peak of tourism.  

Irrigated farming plays a major role in Greek agriculture and economy. Following the global 
trends, the irrigated land in Greece presents a major increase over the last 50 years due to land 
reclamation works. According to agricultural statistics data (EUROSTAT, 2011), the irrigated land 
increased from 932,980 ha in 1990 to 1,142,180 ha in 1995 and 1,294,400 ha in 2003, i.e., an 
expansion of 38.0% during the last years. The management of water resources is accomplished with 
the use of collective land reclamation works of rural space, which irrigate 40% of the total irrigated 
area, and is maintained by 414 institutions (Sofios et al., 2014). The water demand per year in 
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Greece is estimated at 8,243 hm3, of which 83% are used for crop irrigation (Pedrero et al., 2010). 
However, the future of irrigated systems, apart from the agricultural policies that are outlined by the 
well-known Common Agricultural Policy (CAP), will be heavily affected by the trends in European 
water policy (Gómez-Limón et al., 2002).  

The Water Framework Directive (WFD), which has been adopted by the national legislation of 
all member states, establishes the legal framework for the regulation of water use in Europe. The 
River Basin Management Plans (RBMPs) consist the implementation process of the WFD, with 
these comprehensive plans/reports to contain widespread information related to the water status, 
pollution, pressures, water body classification, etc., at river basin scale. RBMPs include the so-
called gap analysis where any discrepancy between the existing status of a water body and that 
required by the Directive is identified, and thereafter, specific Programme of Measures (PoM) are 
clearly proposed in order to achieve the required goals and bridge the gap. The measures cover a 
wide range of thematics, with agriculture related measures to be among them. At Greek national 
level and in accordance with the WFD, the country has designated 14 Water Districts (WD) and for 
each WD the first cycle of implementation of the RBMP has been accomplished successfully, while 
the 2nd cycle is an ongoing process (European Commission, 2015). 

On the other hand, climate change is one of the greatest challenges of our time and consists an 
unquestionable parameter in environmental sustainability (UN, 2015) with the importance of 
adaptation policies on the adverse impacts of climatic variability on water resources to be more than 
essential. Fresh and groundwater management should be based on both the understanding of the 
present day environmental conditions but also on the evolution of the water resources under the 
future climate characteristics due to enhanced greenhouse gases in the atmosphere (Jiménez 
Cisneros et al., 2014). Due to climate change, several regions may experience in the future altered 
hydrological systems, affecting both the quantity and the quality of water resources as a result of the 
future changes in their precipitation regime and/or melting snow frequency and time (IPCC, 2014). 
Moreover, the Mediterranean basin is being designated as an area where decreases of the renewable 
surface water and groundwater resources is likely to be more significant than other places, since the 
results of numerous climate model projections present a strong consistency towards the future 
reduced water availability in the Mediterranean. However, uncertainty issues are more frequently 
addressed in such areas of complex geographical characteristics and sharp terrain, thus the use of 
different global or regional climate models and different emission scenarios is essential (Quintana 
Segui et al., 2010). 

The mitigation and adaptation of climate change is relevant in impact assessment processes and 
it should be incorporated at both project and strategic levels in water sector (Byer and Yeomans, 
2007; Larsen and Kørnøv, 2009). Towards this direction, the Organisation for Economic Co-
operation and Development underscores the fact that taking climate risks (including climate change) 
into account is often important for development investments and projects (OECD, 2006). The EU 
also fosters the necessity to integrate climate change in environmental impact assessments carried 
out across Europe by publishing a dedicated on the issue guidance (European Commission, 2013). 
However, the lack of awareness of climate change and limitations on resources for implementation 
are the main barriers in mainstreaming adaptation to climate change within development activity 
(Bank of Greece, 2011). 

The integration of climate change into project planning and environmental impact assessment 
cannot be characterized as an easily straightforward procedure. According to Byer and Yeomans 
(2007), the three basic approaches for analyzing the uncertainties arising from climate change 
studies could comprise scenario analysis, sensitivity analysis, and probabilistic analysis. Based on 
the literature, the most common approach is the scenario analysis where climatic scenarios and 
derived variables are utilized into mathematical models for the assessment of climatic changes 
(Middelkoop et al., 2001; Ganoulis and Skoulikaris, 2011; Kopytkovskiy et al., 2015). The same 
approach is also used on the comprehensive review of climate change impacts to renewable energy 
sources and projects (Kumar et al., 2011). The other two aforementioned methods are general 
techniques with wide range of applications when addressing uncertainties.  
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The aim of the present paper is to investigate the feasibility, in terms of water demands coverage, 
of future irrigation reclamation works, that are described in the PoM of the Water District of Thrace 
(WD GR12), Greece, under climate change conditions. Climatic projections derived by three 
regional climatic models which cover the European continent and two climate change scenarios, 
namely A1B and B1, are properly exploited by hydrologic and reservoir simulation models in order 
to identify a river’s capability to cover the augmented water demands for irrigated agriculture. The 
case study area is the deltaic area of the Nestos River, Greece, where a large portion of the delta is 
currently irrigated while the extent of the proposed irrigation network is estimated at half of the size 
of the existing one. 

2. DATA AND MATERIALS 

2.1 Case study area  

The Mesta/Nestos river basin is one of the 5 transboundary river basins of Greece and one of the 
3 shared basins with Bulgaria, which in all cases is the upstream country (Ganoulis and Zinke 
Environmental Consulting, 2004). The basin covers an area of 6,219 km2 with the main river length 
estimated at 255 km. Both in terms of extent and river length, Mesta/Nestos river basin is almost 
equally shared between the two countries, with 46% of the basin and 130.0 km of the river located 
in Greek territory. In the downstream part of the basin, the main water uses are irrigated agriculture 
and hydropower production. The latter is achieved through two "en cascade" hydropower plants, 
which are located near the borders, while the released water and flows from the subbasins 
downstream of the plants are used for the irrigation of the deltaic area of the Nestos River (Figure 1). 

  

 Figure 1. The current Nestos delta irrigation network (cyan colour lines) and the proposed extension (hashed area) to 
the eastern part of the delta. 

The delta covers an area of 550 km2 with approximately 190.0 km2 (190,000 ha), mainly at the 
western part of the area, irrigated by a dense open channel network (Special Secretariat for Water, 
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2013). The river water supply to the irrigation network is accomplished by the regulatory dam of 
Toxotes, which is located at the neck of the delta and diverts the water through two main irrigation 
channels to the eastern and western parts. 

In the non-irrigated part of the delta the agricultural water needs are met via surface and deep 
drills. However, the extensive water pumping resulted on significant degradation of both 
groundwater and soils, with the soil salinization to be the direct impact of the groundwater 
salinization (Lambrakis et al., 2011). Among the various proposed measures for the protection of 
the aquifers as well as the soils of the region, the extension of the irrigation network per 10,000 ha 
(hashed area of Figure 1) and its supply with water from the Nestos River was initiated by the 
Greek Ministry of Agriculture (Ministry of Agriculture, 2006) and is also included in the PoM of 
WD GR12. 

2.2 Simulation of the future discharges and water demands  

The spatial distributed hydrological model MODSUR-NEIGE (Ledoux et al., 1989), in 
conjunction with the reservoir simulation model WEAP (Yates et al., 2005), were used in the 
simulation of the future discharges of the basin in the deltaic area. In particular, the calibrated and 
validated version of the aforementioned hydrological model (Skoulikaris and Ganoulis, 2011, 2012) 
was fed with the climatic variables of precipitation and temperature as they were derived from the 
three utilized RCMs in order to simulate for the 20-year period from 2030 to 2049: (i) the flow that 
inflows in the upstream reservoir of Thisavros; and (ii) the cumulative flow of the subbasins that are 
located downstream of the dam reservoirs. At the same time, the simulation of the two existing 
hydrodynamic projects under climatic variability, as well as the distribution in space and time of the 
water volumes for irrigation purposes was based on the validated version of the reservoir-
hydropower simulation model (Tsoukalas and Makropoulos, 2015).  

For the simulation of the hydrosystem, the following assumptions were adopted: (a) no new 
significant hydraulic project and water diversion projects will be constructed in the upstream part of 
the basin; (b) the future operation schedule of the dams is similar to the current operation schedule, 
i.e., the demand priorities of environmental flow, irrigation and hydropower production were set to 
1, 2 and 3, respectively, as the priority operational rules of the hydropower simulation; (c) the 
environmental flow requirements were set equal to 6.0 m3/s, i.e., similar to the current one, and (d) 
no significant alterations to the cultivated crops will be conducted, i.e., conservation of the same 
principal cultivations, such as maize, wheat, cotton and barley.  

As for the water demands for irrigation purposes (Table 1), they were retrieved from the 
literature (Tsoukalas and Makropoulos, 2015) and correspond to the irrigation of an area of 19,000 
hectares; thus, an extension of the irrigation network by 10,000 hectares is considered to require an 
extra half of the water volumes (Table 1). 

 
Table 1. Present and future irrigation demands at the deltaic area   

Month / Demand (m3/s) April May June July August September 
Current irrigation network 11.5 15.7 18.5 20.9   20 13 
Future irrigation network 5.7 7.8 9.2 10.4   10 6.5 

2.3 Regional climate models: reference and future period data 

Both realization control climate data, hereafter reference period data, and future climate period 
data that were used in the research were derived from 3 RCMs, namely KNMI-RACMO2, ICTP-
RegCM3 and RCM-CLM (Table 2). The first two models were developed under the frame of the 
ENSEMBLES project (http://ensemblesrt3.dmi.dk), while the initial version of the last RCM 
formed part of the PRUDENCE project (http://prudence.dmi.dk). The utilized version of the RCM-
CLM has the same dynamic and physical core as the initial one, however, it has significant 



Water Utility Journal 16 (2017) 11 

 

improvements both in the observed biases and spatial resolution (Legutke et al., 2009). All the 
aforementioned regional models are driven from the same general circulation model, namely 
ECHAM5, while in terms of future projections, the first two models are forced from the A1B 
emission scenario, which is considered as a moderate climatic scenario, while the last model is 
forced by the B1 scenario which is conceived as an optimistic scenario.   

 
Table 2. Characteristics of the implemented regional climate models   

RCM Development 
institution 

Time 
coverage 

Spatial 
coverage 

Spatial 
resolution 
(km) 

Sort description References 

KNMI-
RACMO2 

Royal 
Netherlands 
Meteorological 
Institute 
(KNMI) 

1960 - 
2100 

European 
region with 
124 (long) 
x114 (lat) grid 
points, 40 
vertical levels 

25x25 Use of a semi-Langrasian 
dynamical core. The physics 
package of RACMO2 is based 
on ECMWF model cycle 23 
release 4 (also used in ERA40 
reanalysis project) 
 

Lenderink et al. 
(2003) 

ICTP-
RegCM3 

National Center 
for Atmospheric 
Research, 
Pennsylavia 
State University 
(NCAR-PSU) 

1950-
2100 

European 
region with128 
(long) x114 
(lat)) in 
horizontal, 18 
vertical levels  

25x25 It is an updated version of 
REGional Climate Model 2.5 
(RegCM2.5) mainly improved 
in representing precipitation 
physics, surface physics, 
atmospheric chemistry and 
aerosols, model input fields, and 
the user interface 

Dickinson et al. 
(1989) 
Jacob et al. (2007) 

RCM-
CLM 

Max Planck 
Institute for 
Meteorology 
(MPI), 
Germany 

1960 - 
2100 

European 
domain with 
238 (long) x 
177(lat) grid 
points and 32 
vertical levels 

20x20 Non-hydrostatic limited-area 
atmospheric model, to be used 
both for operational and for 
research applications 

Steppeler et al. 
(2003) 
Legutke et al. 
(2009) 

 
The daily temperature and precipitation data derived from the three regional climate models were 

used in the present study for two different study periods, namely the reference period from 1970 to 
2000 and the future period from 2030 to 2049. For the validation of the RCMs, and in case of 
temperature, available gauged data from 7 meteorological stations for the period 1981-2000 were 
utilized, while in case of precipitation the available data were from 9 stations referred to the time 
period of 1970-1989 (Figure 1). 

The statistical evaluation – comparison of the simulated data (model data) versus the observation 
ones is a crucial step in every climatological analysis in order to examine the skill of each model in 
representing the present climatic conditions over the domain of study and in order to have a 
quantitative-statistical criterion of the reliability of the examined climatic scenario. Thus, biases 
between the model and observations (model – obs.) were calculated and mapped. The closest grid 
point to each station was selected for the comparison. Moreover, in order to estimate the future 
changes of the examined parameters, equivalent difference maps were computed between the future 
and the reference period data, for all three models under study. 

3. RESULTS AND DISCUSSION 

3.1 Temperature: reference climate and future analysis 

On an annual basis of analysis of the temperature, it was found that all three models tend to 
underestimate the parameter values (negative differences) (Figure 2, upper row). The most intense 
underestimation is detected for the RegCM3 model for the stations at the middle of the domain of 
study (-10% to -32%), while there was only one case where all models overestimated the annual 
temperature (positive differences up to +25%). From a trend point of view, observation data 
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demonstrate that temperature presents a slight increasing (not statistically significant) trend during 
the years 1981-2000. Analogous is the trend signal for the simulated data derived from KNMI and 
RegCM3 model, while CLM fails to capture this pattern since its data have a negative trend, even 
though it is not statistically significant. Moreover, both gauged and simulated temperature data 
present a small variability (small standard deviation values) during the reference period. Station 
data lowest values are observed during the warmer period of the year in accordance with the model 
data, while during the colder seasons, the temperature variability is higher. 

Regarding the future temperature changes (Figure 2, lower row), the basin is expected to swift to 
a warmer climate since all three models simulated higher annual temperature values during the 
future period (2030-2049) in comparison to the reference period. CLM is found to be the model that 
predicts the less intense temperature increase especially for the stations in the Greek area of the 
basin (southern part). The percentages of this future temperature raise vary from 7.2% up to 21.5% 
and all models agree that the future temperature time series will present a small positive trend. 

 

Figure 2. Annual temperature differences (model – obs.) during the reference period (upper row). Future annual 
temperature changes (future – present period) for the grid points in the domain of study (lower row). 

3.2 Precipitation: reference climate and future analysis 

The analysis of the observed precipitation data (1970-1989) showed that the annual rainfall 
increases towards the northern parts of the basin. The maximum is found in the Bulgarian parts of 
the domain of interest (with an increase from west to east) while the minimum is observed over the 
Greek region. 

The comparison of the observed data with the simulated data derived from the RCMs (Figure 3, 
upper row) revealed that KNMI (12% - 62%) and RegCM3 (18%-80%) models overestimate the 
examined parameter. On the other hand, the CLM model shows a different behavior with negative 
differences in the northern part of the basin (underestimation) and positive differences in the 
southern part (overestimation). However, it should be highlighted that the absolute differences are 
of lower magnitude than the ones of the first two regional climate models. From a more thorough 
statistical analysis of the trends of the models for the period 1970-1989, it is found that precipitation 
presents, in general, a decreasing trend, a fact that is also detected by the first two models. On the 
other hand, CLM simulated time series show high positive trends in the Greek part, meaning that 
this model cannot capture the actual precipitation time evolution in that region. 
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Figure 3. Annual precipitation differences (model – obs.) during the reference period (upper row). Future annual 
precipitation changes (future – present period) for the grid points in the domain of study (lower row). 

As for the future estimations of the annual precipitation (Figure 3, lower row), all models agree 
that the climate of the basin will swift to a dryer one. This rainfall decrease varies from -50 mm up 
to -150 mm compared to the values during the reference period. The KNMI estimates are more 
uniform all over the study region (decrease from -7% to -10%), while for RegCM and especially 
CLM, the most intense precipitation decrease is found over the Nestos basin (up to -19% rainfall 
decrease). Finally, during this future period the calculation of the variance coefficient and the 
standard deviation values demonstrated that precipitation is expected to increase its variability 
gradually, especially during the summer months. This finding can be interpreted as a future increase 
of the extreme rainfall episodes.  

3.3 Water availability for the coverage of irrigation demands for the period 2030-2049 

The simulation of the hydrosystem in the case of the RegCM and KNMI data demonstrated that 
the demand nodes that correspond to the current and future irrigation water requirements are fully 
covered. This means that Nestos River will have adequate water volumes to satisfy the proposed 
reclamation works for the irrigation of the eastern part of the delta. The simulation results related 
with the CLM model demonstrated a controversy response of the hydrosystem, since at the end of 
the simulation period the river discharges were not adequate to fulfill the agriculture requirements 
in water. According to the results, although the water demands are covered till the mid of the 2040s, 
after that time period routinely water stress periods appear (Figure 4). The total unmet demands for 
the period 2030-2049 were estimated approximately at 32.8%. It can be said that the reduced 
discharges that start appearing that specific time period coincide in terms of time with the 
predictions of IPCC, who characterize the middle of the century as the period of the intense impacts 
of climate change (IPCC, 2014).  

The fact that the shortage of water was presented in both irrigation networks, i.e., the current and 
the future network, is due to the operation rules of the WEAP model. The supply-demand network 
of the model is constructed in such a way that an optimization routine allocates available supplies to 
all demands (Yates et al., 2005). In the Nestos case, the model tries to satisfy synchronously the 
agriculture requirements since both irrigation networks have the same water intake, i.e., the Toxotes 
dam, which in the model interface is denoted as a single node.  
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Figure 4. Water inflows to the Toxotes dam (dash line) and cumulative water demands for the current and future 
irrigation network (black and grey bars) in correlation with the produced energy (red bar) for the period 2030-2049.  

A further analysis of the data demonstrated that for the CLM climatic model the river volumes 
cannot meet the irrigation needs even without the expansion of the irrigation network. In particular, 
in case of the non-construction of the project, the unmet demands were 26.1%, a percentage that 
remains relatively high. The reason behind this is the inability of the reservoirs to be filled with 
water during the winter time period, i.e., the non-agricultural period. Consequently, during the 
following irrigation period the stocked water in the reservoir could cover only the first 1-2 months 
of demands, which in terms of percentages is expressed by the differences between the unmet 
demands in case of construction and non-construction of the reclamation works, respectively.  

The lack of water in the dam reservoirs, and thereafter, the inefficient covering of irrigation, can 
also be illustrated by the energy production projections that are also included in Figure 4. During 
the periods of excess water volumes in the river, as for example in the period 2030-2037, the water 
not only covers the downstream demands, but also contributes to the production of large amounts of 
energy. The averaged produced energy for that period was estimated to 712.5 GWh, with the 
maximum energy to reach 1012.9 GWh, while the average power production for the whole 
simulation period was 590.1 GWh. During the water stress period, i.e., the period from 2041 to 
2045, the average produced energy is assessed as 367.4 GWh, i.e., almost half energy in relation to 
the wet period. 

Moreover, the fact that 2 out of 3 RCMs cover the future water demands can be justified by their 
corresponding reference climatic data. The reference data are used as boundary conditions for the 
starting of the simulations relative to the future climate. In the case of the KNMI and RegCM both 
models underestimate the basin temperature by 1 ºC - 1.7 ºC, while they overestimate the reference 
precipitation, especially at the Bulgarian part of the basin where the overestimation, as clearly 
shown in Figure 3, reaches 400 mm. Thus, the predicted future increase of temperature and decrease 
of precipitation is conducted to data that overvalue the aforementioned parameters; therefore, the 
variation of the river runoff does not affect the viability of the irrigation networks. The CLM model, 
on the contrary, underestimates both the temperature and precipitation of the basin, with the rainfall 
underestimation in comparison to the observations to be between 300 to 400 mm. Consequently, the 
boundary conditions of the model underrate the current situation and the predicted climatic 
variations result to important decrease of the discharges, and therefore, of the water availability to 
cover the deltaic water uses. 

The findings of the research are in accordance with Xoplaki et al. (2004), with the variability of 
the Mediterranean wet season precipitation to influence the hydrological budget of the area and to 
have an essential role in the management of regional agriculture, water resources, ecosystems, 
environment, economics, as well as social development and behavior. Similar results have been 
produced for the Guadalquivir river basin in Spain, where the modelling of irrigation water 
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requirements showed a typical increase of between 15 and 20% in seasonal irrigation needs by 
2050s, depending on location and cropping pattern (Rodríguez Díaz et al., 2007). 

4. CONCLUSIONS 

The management of water resources concerns the implementation of necessary measures for the 
satisfaction of needs, regarding the fields of economy and environment, not only in the present, but 
also in the future. Since the water cycle is principally driven by climate, increasing variability in 
precipitation and temperature, and thus, in evaporation patterns due to climate change is expected to 
exacerbate spatial and temporal variations in water supply and demand. Agriculture accounts for 
roughly 70% of total freshwater withdrawals globally and over 90% in the majority of the least 
developed countries. Without improved efficiency measures, agriculture water consumption is 
expected to increase by about 20% globally by 2050 (United Nations World Water Assessment 
Report, 2012). 

Inspired by the aforementioned, in the present work, the assessment of future hydraulic projects 
is conducted under the view of climate change. The proposed methodology demonstrates that the 
reference data of climate models, namely the 20th century data that are used as boundary conditions 
for the simulation of future climate change, play an important role in climate models’ projections. 
Moreover, the correlation of reference data with historical meteorological data fosters the reliable 
interpretation of the results from climate models.  

The proposed methodology can be used in the integrated water resources management sector 
where different water related sectors, such as hydropower, irrigated agriculture, water management 
policy, etc., should be overviewed under climate change. The adaptation to climate change consists 
a global necessity and every new water related project is proposed to be also assessed under 
climatic variability conditions. 
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