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Abstract:  Water balance in a changing climate is configured by precipitation and evapotranspiration. When precipitation is 
higher than evapotranspiration, in wet seasons, a water surplus appear having as a result increased surface runoff, 
higher discharge and higher river levels. On the contrary, when evapotranspiration exceeds precipitation, a water 
deficit appears at the end of a dry season. The future projected increase in air temperature due to global warming will 
influence the evaporation and evapotranspiration processes, which in combination with the projected decrease in 
precipitation is likely to influence mostly the irrigation and water resources. The objective of this study is to analyze 
the impacts of climate change on reference evapotranspiration of the plain of Thessaly, Greece, a region which is 
characterized among the main sectors of agricultural production in Greece. For this purpose, the modified FAO 56 
Penman-Monteith formula is utilized, based on simulations of daily meteorological data (air temperature, humidity, 
wind speed, cloudiness), from a number of six Regional Climate Models (RCMs), within the ENSEMBLE European 
Project. The simulations of the six RCMs for the near future (2021-2050) and the far future (2071-2100) were made 
under the A1B emissions scenario, while the simulations for the reference period (1961-1990) were made under the 
20C3M emissions scenario, which represents a 20th century simulation using historical GHG concentrations. Further, 
the projected changes of reference evapotranspiration in the future along with the inter-model standard deviations are 
interpreted. The findings of the performed analysis would help regional stake holders to understand the impacts of 
climate change on the water cycle, particularly in vulnerable agricultural regions, such as Thessaly plain, in order to 
mitigate the consequences and adapt crops to future conditions by means of cultivating less water consuming crops. 
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1. INTRODUCTION 

Water balance of a region is of high importance with respect to ecosystems, agricultural, social 
and economic sectors. Precipitation and evapotranspiration are key factors that regulate the water 
balance of a region and are characterized by spatial variability, which is heavily depended on time 
scale. Besides, the joint impact of these two factors can drive drought, having impact on economic 
losses and agricultural sector. Droughts can be considered as environmental droughts 
(meteorological, hydrological and agricultural) and as water resources systems droughts (socio-
economic droughts) (Wilhite, 2000).  

The Mediterranean region seems to be more vulnerable to changes in global warming with a 
significant impact on the rainfall parameter. There is evidence that negative winter rainfall trend 
appears since the 1960s, which seems to be unprecedented as inferred from reconstructed long-term 
time series (Goodess and Jones, 2002; Xoplaki et al., 2004, Philandras et al., 2010) and can be at 
least partly explained by the observed positive trend of the North Atlantic Oscillation (Hurrell and 
Van Loon, 1997; Dünkeloh and Jacobeit, 2003; Luterbacher et al., 2005). Nastos and Zerefos 
(2009), concluded that changes over time of the consecutive wet days over Greece on an annual 
basis, show statistically significant (95% confidence level) negative trends, mainly in western 
regions, against not statistically significant positive trends of the consecutive dry days almost over 
the entire country and particularly the south-eastern regions. Nastos et al., (2013), studying the 
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Aridity Index in Greece, revealed that within the examined period (1951-2000), a progressive shift 
from the “humid” class, which characterized the wider area of Greece, towards the “sub-humid” and 
“semi-arid” classes appeared mainly in the eastern mainland. The future projections at the end of 
21th century show that drier conditions are expected to establish in regions of Greece. Besides, 
Tsakiris and Vangelis (2005) established a new index called Reconnaissance Drought index (RDI), 
based on cumulative values of precipitation and potential evapotranspiration. More particularly, 
focusing on droughts over Thessaly plain, which is the most intensely cultivated and productive 
agricultural plain region in Greece, Loukas and Vasiliades (2004) using the Standardized 
Precipitation Index, as an indicator of drought severity, found that moderate and severe droughts are 
common in Thessaly region. Many methodologies have been applied towards the assessment of 
evapotranspiration, such as NDVI-derived actual evapotranspiration over central Thessaly (Loukas 
et al. 2005), reference evapotranspiration over Greece using geostatistical methods (Dalezios et al. 
2002), or using the revised FAO-56 Penman-Monteith equation (Allen et al., 1998; Kotsopoulos et 
al., 2003; Kotsopoulos, 2006). All the aforementioned techniques and indices are utilized to assess 
the hydrological balance of specific catchments, so that to quantify, in the process, the impacts on 
agricultural cultivations. One of the key factors in the water balance is the evapotranspiration, and 
the estimation of its future simulations could mitigate the impacts of the warm and drying climate, 
especially in the Mediterranean, on crops. It is clear that, when evapotranspiration exceeds 
precipitation, a water deficit appears at the end of a dry season (the summer in our case) having 
impact on the crop production. This could be avoided, on one hand, by the implementation of a 
better water management and on the other hand, by adopting alternative cultivations of less water 
demand. In this point, it is worth noting that during summer (the critical period for crop 
development), the dominant crops in the wider Thessaly plain, Greece consists of maize, orchard 
crops and cotton, which are high water demanding crops (Kotsopoulos et al. 2003; Loukas et al., 
2004). Thus, our knowledge on future projected evapotranspiration could help the agricultural 
sector to better decide towards viable and sustainable cultivations.  

The objective of the study is to estimate the future changes of reference evapotranspiration (ETo) 
over Thessaly plain, Greece, utilizing the modified FAO 56 Penman-Monteith formula, based on 
simulations of daily meteorological data (temperature, humidity, wind speed, cloudiness), from an 
ensemble of six Regional Climate Models (RCMs), within the ENSEMBLE European Project. The 
simulations of the six RCMs for the near future (2021-2050) and the far future (2071-2100) were 
made under the A1B emissions scenario. 

2. DATA AND METHODS 

2.1 Study area 

Thessaly is the largest plain and granary of Greece including a total area of 14,036 km2, which 
represents almost 11% of the Greek territory (Figure 1). Regarding the geomorphology, the ground 
is 50% mountainous-hilly and 50% flat, irrigated by Peneus, the third largest river in the country, 
which flows through the axis east-west. The elevation ranges from 0 m to 2800 m, with mean 
elevation being about 500 m. The climate is continental with cold winters and hot summers, while 
summer rainstorms are frequent over the region. Mean annual precipitation ranges from 400 mm to 
1850 mm. The mountain areas receive significant snow during the winter months. Thessaly plain is 
the most productive agricultural region of Greece and it is part of the Peneus river and lake Karla 
basins. The alluvial soils of the Peneus basin and its tributaries make Thessaly a vital agricultural 
area.The main crops cultivated in the plain area are cotton, wheat and maize whereas apple, apricot, 
cherry, olive trees and grapes are cultivated at the foothills of the eastern mountains (Loukas et al., 
2004). The intense and extensive cultivation, especially of water demanding crops such as cotton 
and maize, has led to a remarkable water demand increase, which is usually fulfilled by the over-
exploitation of groundwater resources. Besides, Peneus deltaic plain is under “special protection” 
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according to the Directive 79/409/EEC, NATURA 2000 (GR1420002) and is expected to be very 
sensitive to climate variations. Its sustainability will depend on, among other facts, how fresh 
surface and ground water supplies meet crop water needs (Kotsopoulos et al. 2014). 

2.2 Data and models 

The future projected change in the reference evapotranspiration (ETo) over Thessaly plain, Greece 
was accomplished using the output of the simulations of an ensemble of six regional climate models 
(RCMs), in order to minimize uncertainty (Table 1). 

 

Figure 1. Thessaly plain, Greece. 

The simulations of the RCMs were carried out within the European project “ENSEMBLES” 
(http://ensemblesrt3.dmi.dk/). Thus, the mean daily air temperature, relative humidity, wind speed, 
global solar radiation were used from the following six RCMs: CNRM-RM5.1 (ARPEGE), DMI-
HIRHAM5 (ARPEGE), ETHZ-CLM(HadCM3Q0), METO-HC_HadRM3Q0 (HadCM3Q0), 
KNMI-RACMO2 (ECHAM5), MPI-M-REMO (ECHAM5). The models’ simulations used as initial 
and boundary conditions the output data of various General Circulation Models (GCMs), which are 
presented in the above parentheses after each RCM. All six RCMs have spatial resolution 0.22° x 
0.22° (approximately 25km x 25km).  

The simulations of the six RCMs for the near future (2021-2050) and the far future (2071-2100) 
were made under the A1B emissions scenario, while the simulations for the reference period (1961-
1990) were made under the 20C3M emissions scenario, which represents a 20th century simulation 
using historical GHG concentrations (note this is actually 1871-2000). A1B scenario describes a 
future world of very rapid economic growth. The changes in the land use will not be enormous 
while the world population continues increasing rapidly up to year 2050 when it reaches about 9 
billion and afterwards decreasing progressively. A1B is distinguished by balance across all energy 
sources (fossil or non-fossil energy sources), which will have an impact of increase of CO2 
emissions within the 21st century, reaching the concentration of 720 ppm until the year of 2100 
(IPCC, 2007). 

The formulation of the reference evapotranspiration, ETo, based on the revised FAO-56 Penman-
Monteith equation (Allen et al., 1998; Kotsopoulos et al., 2003; Kotsopoulos,. 2006), is expressed 
as follows: 
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where ETo reference evapotranspiration (mm/d), Rn net radiation at the crop surface (MJ m-2 d-1), G 
soil heat flux density (MJ m-2 d-1) which for daily intervals may be ignored, thus G ≈0, T mean daily 
temperature at 2m height (oC), u2 wind speed at 2m height (m s-1), es saturation vapour pressure 
(kPa), ea actual vapour pressure (kPa), es-ea saturation vapour pressure deficit (kPa), Δ slope 
saturation vapour pressure curve at temperature Τ (kPa oC-1) and γ psychrometric constant (kPa oC-

1). All the aforementioned meteorological variables appeared in (1) were estimated for the present 
and future conditions by using the simulations of an ensemble of six regional climate models 
(RCMs). In the process, the reference evapotranspiration for the present, the near future (2021-
2050) and the far future (2071-2100) was assessed by applying the formula (1). The processing of 
climatic data was done by using the statistical package R-project and the Geographical Information 
Systems (GIS, ArcInfo 10.2). 

 
Table 1. Information concerning the Regional Climatic Models (driven by the General Circulation Models, in 

parentheses), which were carried out within the European project “ENSEMBLES”. 

RCM 
(GCM) Institute Spatial distribution Vertical 

levels Reference 

CNRM-RM5.1 
(ARPEGE) 

CNRM (Centre National de 
Recherche Meteorologiques,Meteo 
France) 

0.22° x 0.22° 31 Radu et al., 2008 

DMI-HIRHAM5 
(ARPEGE) 

DMI (Danish Meteorological 
Institute, Denmark) 0.22° x 0.22° 19 Christensen et al., 1996 

Christensen et al., 1998 
ETHZ-CLM 
(HadCM3Q0) 

ETHZ (Swiss Federal Institute of 
Technology, Zurich, Switzerland) 0.22° x 0.22° 32 Böhm et al., 2006 

METO-HC_HadRM3Q0 
(HadCM3Q0) 

HC (Hadley Centre for Climate 
Prediction and Research, UK) 0.22° x 0.22° 19 Collins et al., 2006 

KNMI-RACMO2 
(ECHAM5) 

KNMI (Royal Netherlands 
Meteorological Institute, the 
Netherlands) 

0.22° x 0.22° 40 van Meijgaard et al., 2008 

MPI-M-REMO 
(ECHAM5) 

MPI (Max-Planck-Institute for 
Meteorology, Germany) 0.22° x 0.22° 27 Jacob, 2001 

Jacob et al., 2007 

3. RESULTS AND DISCUSSION 

The mean seasonal and annual ETo values (mm) for the reference period 1961-1990 were 
estimated using the simulations by the aforementioned ensemble of six RCMs (Figure 2). Thus, 
mean winter ETo indicates values 60 mm, with Inter Model Standard Deviation (IMSD) between 20 
and 40 for mountainous regions and lowlands - coastal areas, respectively. Accordingly, the 
seasonal increase of air temperature drives ETo increases; namely, the mean spring ETo accounts for 
210-270 mm (IMSD: 30-60 mm), the mean summer ETo ranges from 420-540 mm (IMSD: 50-80 
mm), the mean autumn ETo poses 150-210 mm (IMSD: 30-45 mm) and finally the mean annual 
ETo varies between 900 and 1100 mm (IMSD: 120-220 mm). Besides, the spatial variability of air 
temperature within Thessaly plain (not shown) forces the respective spatial variability of ETo, 
interpreting the higher ETo over the plain against lower values over highlands, mainly at west and 
north boundaries of the plain. 

The seasonal and annual changes (%) of ETo over Thessaly for the near future (2021-2050) and 
the far future (2051-2100) with respect to reference period 1961-1990, along with the inter model 
standard deviations (IMSD) are depicted in Figures 3 and 4, respectively. In winter and for the near 
future, ETo is estimated to increase from 8% at the lowlands towards 9-10% over mountainous areas 
surrounding the plain at west, north and east. The IMSD takes 3% over central plain up to 6% over 
Pelion Mt. eastwards, meeting the coasts of Aegean Sea.  
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(A) Mean winter ETo for the reference period (B) IMSD for winter ETo  

  
(C) Mean spring ETo for the reference period (D) IMSD for spring ETo 

  
(E) Mean summer ETo for the reference period (F) IMSD for summer ETo  

  
(G) Mean autumn ETo for the reference period (H) IMSD for autumn ETo  

  
(I) Mean annual ETo for the reference period (J) IMSD for annual ETo  

Figure 2. Spatial distribution of ensemble mean of reference evapotranspiration for winter (A), spring (C), summer (E), 
autumn (G) and year (I) along with the respective inter model standard deviation (B, D, F, H, J), for the reference 

period 1961-1990. 
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(A) Mean winter ETo change in near future (B) IMSD for winter ETo change in near future  

  
(C) Mean spring ETo change in near future (D) IMSD for spring ETo change in near future 

  
(E) Mean summer ETo change in near future (F) IMSD for summer ETo change in near future 

  
(G) Mean autumn ETo change in near future (H) IMSD for autumn ETo change in near future 

  
(I) Mean annual ETo change in near future (J) IMSD for annual ETo change in near future 

Figure 3. Spatial distribution of ensemble mean of reference evapotranspiration change (%) for winter (A), spring (C), 
summer (E), autumn (G) and year (I) along with the respective inter model standard deviation (B, D, F, H, J), for the 

near future 2021-2050, under SRES A1B. 



European Water 51 (2015)   69 

 

  
(A) Mean winter ETo change in far future (B) IMSD for winter ETo change in far future  

  
(C) Mean spring ETo change in far future (D) IMSD for spring ETo change in far future 

  
(E) Mean summer ETo change in far future (F) IMSD for summer ETo change in far future 

  
(G) Mean autumn ETo change in far future (H) IMSD for autumn ETo change in far future 

  
(I) Mean annual ETo change in far future (J) IMSD for annual ETo change in far future 

Figure 4. Spatial distribution of ensemble mean of reference evapotranspiration change (%) for winter (A), spring (C), 
summer (E), autumn (G) and year (I) along with the respective inter model standard deviation (B, D, F, H, J), for the 

far future 2071-2100, under SRES A1B. 
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The winter ETo increases are likely to twofold in the far future, ranging from 15% (central 
lowlands) to 18% (Pelion Mt. and eastern coasts), with IMSD gradually increasing from 6% at the 
west to 15% at the Pelion Mt and eastern coasts. The near future projections for spring ETo show 
increases from 5 to 7.5% over west mountainous areas, with IMSD from 1.5% at west highlands to 
3% towards coastal regions. Higher increases, 12% over the majority of the examined domain, 
reaching 18% at the eastern coasts, seem to appear at the far future, with IMSD from 6 to 9%. 
During summer for the near (far) future, ETo is projected to increase by 6% (10.5%), reaching 7% 
(12%) at the west, with IMSD from 3 to 4% (4.5 to 9%). The autumn ETo future changes are similar 
to summer; namely, for the near (far) future, ETo increases by 6% (9 to 12%), with IMSD 2-3% (6-
9%), respectively. Taking into consideration the mean annual changes, ETo is likely to increase by 
6-7% (IMSD varies from 1.5 to 3%) for the near future against 10.5% over the majority of the 
examined region with IMSD from 6 to 9%, for the far future. 

Since temperature relates to many weather data, temperature can imply the characteristic of other 
weather data. For example, high temperature is included low humidity but high evaporation can be 
occurred in the condition of high temperature. In order to interpret better the future projected 
changes of ETo, we took into consideration the respective air temperature changes for both the near 
and the far future, derived by the ensemble of the six aforementioned RCMs under A1B emissions 
scenario. We found that air temperature over Thessaly plain is likely to increase for the near (far) 
future by 1.3oC (2.8 oC) in winter, 1.2oC (3.2oC) in spring, 2.0oC (4.5%) in summer and 1.6oC 
(3.5oC) in autumn (not shown). Accordingly, we estimated higher ETo changes due to global 
warming for the far against near future. Besides, winter ETo pose the highest changes (%) compared 
to those in other seasons, despite the fact that the winter air temperature changes are relatively 
lower, for both the near and far future. This could be explained due to the already lower ETo values 
in winter season (60 mm) within the reference period; thus the future projected changes expressed 
as a percentages of the initial ETo are relatively smaller against those in other seasons and especially 
in summer, when the mean ETo within the reference period accounts for 420 – 540 mm. 

Similar results have been revealed by Moratiel et al. (2010), who studied the sensitivity of ETo to 
global warming in Spain at the end of the 21st century, using the FAO-56 Penman-Monteith 
equation. They found that the annual ETo at the end of the 21st century will likely increase, but the 
impact on ETo depends on the magnitude of change in air temperature and relative humidity. The 
increases will be more noticeable in the months of May, June, July and August against December, 
January and February. The seasonal water availability influences the evapotranspiration; if the soil 
is dry and there is no standing water there will be no evaporation while if plants can’t get enough 
water they will conserve it instead of transpiring by closing their stoma. Small changes in 
evapotranspiration can have important consequences in arid semi-arid climates because they are 
characterized by already dry conditions exacerbating by higher mean air temperature and lower 
precipitation totals (Nastos et al., 2013). Anderson et al. (2008) showed that an evapotranspiration 
increase of 18.7% resulted from a 3°C rise in air temperature in California with an annual average 
precipitation of 640 mm and mean temperature about 15°C. Under the A1B scenario, the annual 
mean warming from 1980–1999 to 2080–2099 will vary from 2.2 to 5.1°C in southern Europe and 
the Mediterranean region (Christensen et al. 2007). According to Räisänen et al. (2004), future 
warming will be largest during northern European winters and southern European summers. 
Increased precipitation is expected in northern European winters, and decreased precipitation is 
anticipated in southern European summers. Besides, Tselioudis et al. (2008), using climatic models, 
showed a decrease in winter precipitation around 20% within the Mediterranean region by the end 
of the 21st century. Consequently to these findings, Nastos et al. (2013) revealed that the future 
projections of aridity at the end of 21th century, using ensemble mean simulations from 8 RCMs, 
show that drier conditions are expected to establish in regions of Greece. 

Taking into consideration that, on one hand, the under study area of Thessaly is very likely to 
face drier and warmer future climatic conditions and on the other hand, the intense and extensive 
cultivation, especially of water demanding crops such as cotton and maize, it is expected that there 
is a significant probability the already existed cultivations do not meet their water demands in the 
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future. To avoid such conditions, new agricultural policies have to be adopted towards sustainable 
and alternative crops of less water needs. In addition to the sustainable cultivations, there is of high 
concern the water management over the region, while special care should be given in the over-
exploitation of groundwater resources.  

3. CONCLUSIONS 

Global warming due to the enhanced greenhouse effect is expected to cause major changes in 
various climatic variables, such as precipitation, humidity, net terrestrial, solar radiation and 
temperature, which in turns drive changes in reference evapotranspiration (ETo) in the future. In this 
study, the projected changes of ETo over Thessaly plain, Greece are estimated utilizing the modified 
FAO 56 Penman-Monteith formula, based on simulations by an ensemble of six Regional Climate 
Models (RCMs), within the ENSEMBLE European Project for the near future (2021-2050) and the 
far future (2071-2100), under the A1B emissions scenario.  

The findings of the analysis revealed significant seasonal changes for the future periods 
examined. More specifically, regarding simulations for the near future in winter, ETo is estimated to 
increase from 8% at the lowlands towards 9-10% over mountainous areas surrounding the plain at 
west, north and east, while in summer, ETo is projected to increase by 6% reaching 7% at the west. 
Accordingly, we estimated almost twofold ETo increases due to global warming in the far future. 
The highest projected changes (%) in winter compared to those in other seasons could be explained 
due to the already lower ETo values in winter season (60 mm) within the reference period; thus the 
future projected changes expressed as a percentages of the initial ETo are relatively smaller against 
those in other seasons and especially in summer, when the mean ETo within the reference period 
accounts for 420-540 mm. These increased future projected ETo, especially by the end of the 21th 
century, combined with the projected decrease in precipitation over the region, is likely to influence 
mostly the irrigation and water resources, due to the oncoming moderate to severe drought 
conditions. Taking into consideration that Thessaly plain is the most intensely cultivated and 
productive agricultural plain region in Greece, it is crucial for stake holders to provide a framework 
for sustainable water resources management in the region of Thessaly, Greece. In addition to the 
water management, especially within the dry and warm season, special care should be given in 
alternative and more sustainable crops against the intense and extensive cultivation of cotton and 
maize.  
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