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ABSTRACT. Future water supplies will be affected by both climate change and altered land-water 
management. In the Mediterranean region, an expected warming and drying together with increased water 
withdrawal in key tourist destinations will put further pressure on already scarce water resources. In this 
study, a scenario analysis was conducted to explore the combined impacts of climate and land-water 
management changes in an 89 km2 watershed upstream of Navarino Environmental Observatory, 
southwestern Greece. A simple process-based hydrological model based on the Thornthwaite-Mather water 
balance procedure for the estimation of daily actual evapotranspiration and soil moisture was used to predict 
streamflow and storage fluxes. The model conceptualization includes two storage compartments, loosely 
representing a shallow and fast draining groundwater component (S1) and a deep and slowly draining 
component (S2) from where the irrigation water was assumed to be taken. These were calibrated assuming no 
change in the hydrologic system over the three years of available data (2009-2011). The scenario analysis 
included the IPCC’s A2 and B2 projections for 2071-2100 and two scenarios for land-water management 
change 1) the conversion of olive groves to golf courses and 2) an export of irrigation water to a hypothetical 
golf course located outside of the catchment boundaries. The model results indicated vulnerability to future 
climate change which could reduce streamflow and potentially lead to a draw-down of the water table. For 
example, even under the B2 scenario (the least dry of the climate change scenarios explored), model simulated 
storages will be reduced by 32-87% and the simulated streamflow by 28-86% of the current level through 
introduction of a golf course size representing only 1.5% of the catchment area (depending of course on 
season considered and golf course location). The hydrologic system would thus be altered from the current 
2009-2011 state by future land-water management changes towards intensive irrigation (such as golf course 
development) coupled with climate change. 
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ABSTRAKT. Framtida vattentillgångar kommer påverkas av både klimatförändringar och förändrad mark- 
och vattenförvaltning. I Medelhavsregionen väntas ett varmare och torrare klimat i kombination med ökad 
vattenanvändning i viktiga turistdestinationer att öka trycket ytterligare på de redan knappa vattenresurserna. 
I den här studien genomfördes en scenarioanalys över hur kombinationen av klimatförändringar och mark-
och vattenförvaltningsförändringar kan påverka vattenresurserna i ett 89 km2 stort avrinningsområde 
uppströms om Navarino Environmental Observatory, sydvästra Grekland. En enkel process-baserad 
hydrologisk modell baserad på Thornthwaite-Mathers vattenbalansmetod för uppskattning av varje dags 
evapotranspiration och markfuktighet användes för att förutsäga förändringar i vattenföring och 
grundvattennivå. Konceptualiseringen av modellen inkluderar två vattenmagasin som approximativt kan sägas 
representera en grund och snabbt dränerande grundvattenkomponent (S1) och en djup och långsamt 
dränerande grundvattenkomponent (S2) varifrån bevattningsvattnet antogs tas. Dessa kalibrerades utefter 
antagandet att grundvattennivån var stabil under åren med tillgänglig data (2009-2011). Scenarioanalysen 
inkluderade the IPCC’s A2 och B2 projektioner för 2071-2100 samt två scenarior för mark-och 
vattenförvaltningsförändring 1) en konvertering av olivlundar till golfbanor och 2) en export av vatten för 
bevattningsändamål till en hypotetisk golfbana utanför avrinningsområdets gränser. Resultaten av modellen 
indikerade en sårbarhet för klimatförändringar vilka kan komma att minska vattenföringen i vattendragen och 
potentiellt leda till en sänkning av grundvattennivån. Exempelvis, kommer det simulerade 
grundvattenmagasinet att reduceras med 32-87% och den simulerade vattenföringen med 28-86% av dagens 
nivå av en golfbaneareal som representerar bara 1,5 % av avrinningsområdets area (beroende på årstid och 
golfbanans placering) till och med i IPCC’s B2 scenario (det klimatscenario som förutspår minst minskning 
av nederbörden och minst uppvärmning). Det hydrologiska systemet kommer således att ändras från dagens 
tillstånd genom framtida mark-och vattenförvaltningsförändringar mot intensiv bevattning (såsom 
golfbaneetablering) i kombination med klimatförändringarnas påverkan.  
  



 

 
  



 

 
 
Contents 
1 Introduction .................................................................................................................................. 1	  

2 Methods ........................................................................................................................................ 2	  

2.1 Study area and data available .................................................................................................. 3	  

2.2 Modeling of the water resources .............................................................................................. 5	  

2.2.1 Theoretical background ................................................................................................... 5	  

2.2.2 Thornthwaite-Mather daily water balance model ............................................................. 6	  

2.2.3 Including olive irrigation as an internal redistribution of water ........................................ 9	  

2.2.4 Calibration ..................................................................................................................... 10	  

2.3 Scenario analysis ................................................................................................................... 10	  

2.3.1 Climate change scenarios ................................................................................................ 10	  

2.3.2 Land-water management change scenarios ..................................................................... 11	  

3 Results ......................................................................................................................................... 12	  

3.1 Modeling of the current water resources ............................................................................... 12	  

3.2 Climate change scenarios ...................................................................................................... 14	  

3.3 Land-water management change scenarios ............................................................................ 15	  

3.4 The combined impact of the climate and land-water management change scenarios ............. 16	  

4 Discussion ................................................................................................................................... 17	  

4.1 Climate change vulnerability ................................................................................................. 17	  

4.2 Shifting to a more irrigation intensive land use ..................................................................... 18	  

4.3 The combined impact of and its implications ....................................................................... 19	  

4.4 Model evaluation .................................................................................................................. 20	  

5 Conclusion .................................................................................................................................. 21	  

References ...................................................................................................................................... 23	  

Appendix 1	   PET estimation ....................................................................................................... 1-2	  

References (Appx.1) ....................................................................................................................... 1-5	  

Appendix 2	   Regional scaling of the local weather data ................................................................ 2-2	  

References (Appx. 2) ...................................................................................................................... 2-3	  

 
  



 

List of Figures 
Fig. 1.  a) Map over the land use in Sellas catchment, b) monthly average precipitation 
(blue bars) and temperature (red line) in Sellas catchment (average of Mouzaki and Chora) 
2009-2011 and c) sketch over the Peloponnese with the location of Kalamata and Sellas 
catchment marked in green. Map over the land use in Sellas catchment..............................4 
Fig. 2. Conceptual model................................................................................................6 
Fig. 3. Modeled and observed monthly streamflow 2009-2011 (a) and their correlation 
(b). The result of using a range of possible olive irrigation amounts is presented in grey in 
Fig. 3a and as error bars in Fig. 3b....................................................................................12 
Fig. 4. Modeled S1 (brown) and S2 (green) during 2009-2011 looped into a fictional 60 
year period. The result of using a range of olive irrigation amounts (30-66% of olive AET) 
is presented in the grey fields (negligible in S1). The lines refer to the results of using the 
midpoint of the olive irrigation range (50% olive AET).Modeled S1   (brown) and S2  
(green) during 2009-2011 looped into a fictional 60 year period......................................13 
Fig. 5. S2 (average values of three year periods) a) and streamflow (average values of three 
year periods) b) under climate change scenario A2 (red) and B2 (orange) for 2071-2100 
with a comparison to S2 and streamflow when the 2009-2011 meteorological data are 
adjusted to match 1961-1990 averages (dashed black). The decreases in S2 and streamflow 
are expressed as percentages of their values under the current conditions. The years 2009-
2011 are looped and 2009 is referred to as year 0. ............................................................14 
Fig. 6. S2 (the average of the three last years in the looped data set) with increasing golf 
course area under current conditions (green and blue line) and under IPCC’s climate 
change scenario A2 (red) and B2 (orange). a) represents a golf course located within the 
catchment and b) a golf course located outside of the catchment......................................15 
Fig. 7. The contribution from the different land use categories to the annual AET (a) 
compared to their area (b) with the current land use and in a land-water management 
change scenario.*The golf course in the land-water management change scenario is located 
within the catchment and covers 5 % of it........................................................................16 
Fig. 8. Monthly S2 (a-b) and streamflow (c-f) in three years of 2071-2100 under the B2 
scenario (hatched yellow/orange field in a, d and f), the A2 scenario (hatched red field in a, 
c and e) and combined with a golf course located within the catchment (transparent green 
field) and outside of the catchment (blue striped field). The golf course size is here 130 ha. 
S2 and streamflow are expressed as percentages of their values under current conditions in 
a-d while the streamflow in e-f is expressed in mm/month. The modeled streamflow during 
2009-2011 is presented as a solid black line in e-f.............................................................17 
Fig. Appx. 2-1. Air temperature (a) and precipitation (b) in Kalamata 1951-2011 
(KNMI 2012a and 2012b). The years 2009 to 2011 are marked with red dots...............2-1 

  



 

List of Tables 
Table 1. Precipitation (mm/yr) 2009-2011 in Mouzaki and Chora and observed 
streamflow (mm/yr) in Sellas river .....................................................................................4 
Table 2. Available water capacity......................................................................................8 
Table 3. Climate change projections for southwestern Greece 2071-2100 compared to 
1961-1990........................................................................................................................11 
Table 4. Available water capacity for the golf course.......................................................12 
Table 5. Sensitivity analysis of the calibrated parameters (mm/day) and the available 
water capacities, AWC s (mm), adopted for the different land use categories....................14 
Table Appx. 1-1. Surface emissivity............................................................................1-4 
Table Appx. 2-1. Temperature and precipitation variation 2009-2011 in Kalamata 
(KNMI 2012a and 2012b) and Sellas (average of Mouzaki and Chora). The temperature 
and precipitation is presented as the difference to 2009...................................................2-1 

  





Josefin Klein 
 

 
 

1 

1 Introduction 
The impact of climate change on water supplies is a fundamental concern considering that 
a large proportion of the World’s population is currently experiencing water stress 
(Vörösmarty et al., 2000). In addition to climate, humans can also influence the water cycle 
directly by water withdrawal and indirectly by land cover change and water management. 
To understand the future potential states of water resources and design strategies to secure 
them, there is need to identify the relative roles of both these contributions to water 
resource vulnerability (Vörösmarty et al., 2000). For example, the Intergovernmental Panel 
on Climate Change, IPCC, projects that the area under high water stress in central and 
southern Europe will increase from 19 to 35% affecting an additional 16-44 million people 
by the end of the century (Alcamo et al., 2007). Southern Europe is expected to experience 
a reduction in annual runoff of 6-36% by the end of the century with the summer flows 
declining up to 80% (Alcamo et al, 2007). The changes can be primarily attributed to a 
combination of climatic shifts and excessive water withdrawal (Poff et al., 2002; Palmer et 
al., 2008). Coping with water resource vulnerability through water management is 
especially challenging in the Mediterranean region due to its high seasonal and inter-annual 
variability in precipitation (Iglesias et al., 2007). The Mediterranean region is considered to 
be one of the most vulnerable regions to climate change in the World (Milano, 2010) since 
it is in the transition zone between northern Africa’s high pressure arid climate and the 
temperate humid climate of central Europe (Gao and Giorgi, 2008). With regard to future 
projections of climatic changes, the warming and drying of the Mediterranean summers are 
remarkably consistent among different global and regional climate change projections for 
the 21st century (Kittel et al., 1998; Giorgi et al., 2001; Giorgi and Bi, 2005; Gao and 
Giorgi, 2008) increasing future potential vulnerabilities for the region’s water resources.  

Aggravated by land-water management changes during the past decades characterized by a 
decline of dry farming and forests, an intensification of irrigated agriculture and an 
urbanization of the coastal plains, water scarcity is one of the major concerns for the 
Mediterranean region (Serra et al., 2008). The tourism industry, for example, may be 
acutely concerned since increased scarcity could render once viable attractions (such as 
water-intensive golf courses) infeasible (Rico-Amoros et al., 2009). Such attractions also 
risk being seen as water “stealers” by local people, which is a perception that potentially 
increases with climate changes (Perry, 2006). The water demand from tourism is often the 
main water demand at the local level in key Mediterranean tourist destinations. On a 
country or regional level, it is of course a much smaller fraction than the agricultural water 
demand (Iglesias et al., 2007). Thus, the management strategies adopted to mitigate 
scarcity risks in tourism intense regions may not necessarily be the same as those adopted 
across the Mediterranean at large.  

Rico-Amoros et al. (2009) discuss how the water demand from mass tourism and tourists 
staying in hotels compares to resort tourism with features such as golf courses, swimming 
pools and villa gardens. The latter is often associated with higher water usage and a bigger 
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environmental footprint though it is sometimes referred to as quality tourism. For example, 
golf course development is one of the most rapidly expanding types of extensive land 
development globally (Markwick, 2000). The number of golf courses in the member 
countries of the European Golf Association more than doubled between 1985 and 2010 
with the addition of almost 4000 new courses (EGA, 2013). Also water scarce regions in 
southern Europe, such as Costa del Sol (sometimes advertised as Costa del Golf) (Priestley, 
2006) and Algarve (Thiel, 2010), have seen rapid and extensive development of golf 
tourism. In some regions, golf courses have been the subject for local water conflicts 
(Pearce, 1993; Warnken et al., 2001; Markwick, 2000; Priestly, 2006; Serra et al., 2008; 
Thiel, 2010).  

As such, there might be a perception gap of how mass tourism compares to the more 
dispersed low density quality tourism (e.g., resort golf course development) with regard to 
water use and environmental footprint due to differences in aesthetic appeal between the 
two forms (Rico-Amoros et al., 2009). Perry (2006) highlights this by noting that golf 
courses in the Mediterranean could be negatively affected by significant climate change 
already within the lifetime of current investment projects. Since quality tourism’s water 
demand is highly concentrated in time and space (Gössling et al., 2012), local impact 
assessments of the effect of climate change on streamflow and groundwater storage and 
appropriate (small) scale studies of the impact of tourism on water resources are necessary. 
In this study, the sensitivity of water resource availability will be explored from a 
Mediterranean perspective using Navarino Environmental Observatory, NEO, to explore the 
potential impacts of various land-water management/climatic trajectories. Improved 
understanding of the combined impacts of climate and land-water management change on 
the water resources will allow for more scientifically-based support for decision-making that 
alleviates pressures surrounding future water scarcity crises and their associated conflicts.  

The objective of this study is therefore to explore the coupled impacts of climate change 
and land-water management change (e.g. the conversion of olive groves to golf courses) on 
the groundwater storage and streamflow in Sellas catchment, Greece. This will be done 
through a scenario analysis within a simple process-based hydrological model using the 
Priestly-Taylor (1972) equation for estimating potential evapotranspiration (PET) and the 
Thornthwaite-Mather water balance model for estimating actual evapotranspiration (AET), 
streamflow and storage (Steenhuis and Van der Molen, 1986).  

2 Methods 
A relatively simple process-based hydrological model was implemented to assess the current 
water resources in Sellas catchment. The goal of this modeling was to allow for simulation 
of how water resources could change under different climate change scenarios and/or in a 
scenario where traditional agricultural land uses (olive trees) shift to more recreational land 
uses (golf courses). As such, this study adopted a parsimonious “behavioral modeling” 
(Schaefli et al., 2011) approach where the model selected uses few calibration parameters 
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(e.g., the model considered has three parameters that require calibration) in order to limit 
uncertainty often associated with relatively more complex hydrologic models. This 
approach was especially important in this study for which there were few data available to 
characterize the watershed’s hydrologic system. These following sections will introduce the 
study area and the input data available. Then information on how the model is set up and 
how it is used for assessing the impacts of two different climate change scenarios, two 
different land-water management change scenarios and their combined effect will be 
presented.  

2.1 Study area and data available 
Sellas catchment covers 89 km2 and is situated upstream of Navarino Environmental 
Observatory, NEO, in Messenia, southwestern Peloponnese, Greece in the eastern 
Mediterranean at about 37° N and 21° E. Approximately three quarters of the catchment 
are used for olive production (Fig. 1a). The elevation ranges from about 20 m a. s. l. at the 
outlet in the southwestern part of the delineated watershed to about 1080 m a. s. l. in the 
northeast. 

The meteorological data used in this study were daily precipitation and average, maximum 
and minimum daily temperature from the Mouzaki (elevation of about 470 m a. s. l.) and 
Chora (elevation of about 280 m a. s. l.) weather stations from April 2009 to December 
2011 (Fig.1b). These data show that the region experiences a Mediterranean climate with 
hot, dry summers and mild, wet winters (Giannakopoulos et al., 2011). Located on what 
can be considered the ‘wet’ side of Greece and on the wind-side of local mountains, the 
average precipitation during the three years of available data was about 1191 mm/yr in 
Mouzaki and about 794 in Chora (Table 1). The long-term (1951-2011) average 
precipitation in Kalamata, located only 30-40 km to the east (Fig. 1c), is 800 mm/yr, while 
the 2009-2011 average annual precipitation at the Kalamata weather station was slightly 
higher at 890 mm/yr (KNMI, 2012a and 2012b). The weather stations chosen for this 
study, Mouzaki and Chora, were the only stations with data available located within the 
catchment boundary. The average temperature in the Sellas area is about 17° C (18° C 
during 1951-2011 in Kalamata (KNMI, 2012a and 2012b) and 17° C during 2009-2011 
in Mouzaki and Chora). These weather data as well as daily streamflow measurements from 
Sellas River (352 mm/yr on average between 2009 and 2011) were actively monitored and 
available through NEO.  
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Table 1. Average precipitation (mm/yr) in Mouzaki and Chora and average observed streamflow (mm/yr) in 
Sellas river during 2009-2011 

Precipitation (mm/yr) Streamflow (mm/yr) 
Mouzaki Chora Average Sellas 

1191 794 992 352 
 
Over the period of record considered, a few inconsistencies in the precipitation, 
temperature and streamflow data series were corrected to create a continuous dataset for the 
modeling carried out in this study. The average temperature and precipitation data had 
missing values on 5 days while streamflow observations were missing on 50 days over the 
period April 2009 to December 2011. Those days missing data were assigned the same 
value as the day prior for the temperature and streamflow, and zero for the precipitation. 
This was also done for a day with a reported maximum temperature of 72° C and a rainfall 
event of 1294 mm, most likely measurement errors based on nearby records.  

The contributing area for Sellas catchment was delineated with the Hydrology toolbox in 
ArcMap using a DEM with 25m resolution. Flow directions to the neighboring cells were 
calculated, which allowed for the drawing of a flow accumulation map specifying the 
number of upstream cells that will drain through each cell. With this and a specified outlet 
from where NEO’s streamflow measurements were taken, the watershed could be 
delineated. This delineation is based on the assumption that the flow direction of the 
runoff is controlled only by topography.  

A land cover map (Aristotle University of Thessaloniki and WWF Greece, 2011) was 
reclassified based on water management into the land use categories presented in Fig. 1a. 
The category “Agricultural areas” was reclassified into “Olive groves” (75%) after a 

Fig. 1. a) Map over the land use in Sellas catchment, b) monthly average precipitation (blue bars) and temperature 
(red line) in Sellas catchment (average of Mouzaki and Chora) 2009-2011 and c)  sketch over the Peloponnese with the 
location of Kalamata and Sellas catchment marked in green.  
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comparison with another land cover map (Lundholm et al. 2010) and a field visit which 
confirmed that agriculture referred mostly to olive groves in the Sellas catchment.  

2.2 Modeling of the water resources 

2.2.1 Theoretical background  
In the Mediterranean region, modeling water resources at the catchment scale requires 
good accounting of the available water in the soil for evapotranspiration along with the 
excess of soil water available for recharging the groundwater. The amount of water that 
evapotranspires depends on 1) the energy available for evaporation, 2) aerodynamic 
processes required to move away the vapor, i.e. wind and a humidity gradient and 3) water 
availability, i.e. soil moisture to evaporate water from (Yates and Strzepek, 1994). The 
evapotranspiration is the combined effect of evaporation from bare soil or open water and 
of transpiration by vegetation (Wagener et al., 2004).  

The Thornthwaite-Mather procedure (as cited by Steenhuis and Van der Molen, 1986) is a 
simple but useful method for estimating actual evapotranspiration (Kerkides et al. 1996). 
In the original procedure, the model estimates soil moisture, actual evapotranspiration, 
groundwater recharge and streamflow using long-term averages for monthly precipitation 
and potential evapotranspiration, and the available water capacity of the root zone which 
varies with vegetation and soil type (Kerkides et al. 1996). The precision can be increased 
using a daily time step (Steenhuis and Van der Molen, 1986). For these reasons, the 
Thornthwaite-Mather approach was adopted as the modeling approach in this current 
study to model water resources and the potential impacts of land-water management and 
climate changes in the Sellas Catchment near NEO. 

The conceptualization of the Thornthwaite-Mather model approach is presented in Fig. 2. 
The watershed is modeled as an amalgam of representative land uses that drain to common 
storage compartments that loosely represent groundwater components. Change in soil 
moisture, i.e. plant available water in the soil, is estimated using a daily time step (Steenhuis 
and Van der Molen, 1986). Each day, precipitation water is added to the soil while actual 
evapotranspiration and drainage from the different land use categories can remove water 
from the soil. Under periods of excessive rain or irrigation, the soil can saturate, i.e. the 
available water equals or exceeds the available water capacity, drainage forms so that the 
excess water drains to the groundwater storage. The groundwater storage is divided into 
two storage units (i.e. Storage 1 and Storage 2) where S1 represents amount of water in 
Storage 1 on any given day, i.e. I conceptualize this as the shallow groundwater that drains 
more quickly to the stream (perhaps shallow groundwater in the hillsides) and S2 represents 
the amount of water on any given day in Storage 2, i.e. deep groundwater (perhaps in the 
valley bottom) that drains more slowly to the stream. Daily streamflow is thus formed by 
water draining from both storages. This type of model has been applied in many 
hydroclimatic settings ranging from the northeastern US (Lyon et al., 2004) to Ethiopia 
(Steenhuis et al., 2009). The original model can be adjusted to consider irrigation as a 
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redistribution of stored water into plant available water in the soil (Fig. 2). In this 
conceptualization of irrigation, an important model assumption is that the irrigation water 
is taken only from S2 as is often the case in regions relying on groundwater. Irrigation can, 
thus, be represented within the catchment as water added again to the available water or 
outside of the catchment as water that leaves the model domain (i.e. crosses the catchment 
boundary).  

 

2.2.2 Thornthwaite-Mather daily water balance model 
The general water balance for the catchment is given in Eqn (1) with the difference 
between the inflow (precipitation, P) and the outflow (actual evapotranspiration, AET and 
streamflow, Q) equal to the change in storage, ΔS/Δt.  The main arrows that cross the 
dashed catchment boundary in Fig. 2 (precipitation, actual evapotranspiration and 
streamflow) can be regarded as inputs and outputs of water to the catchment system. They 
are all represented in Eqn (1). In this conceptual model, irrigation outside of the catchment 
would be included as a storage change term, ΔS/Δt, in Eqn (1) while irrigation within the 
catchment is a redistribution of water among internal storages.  

       ! − !"# − ! −   ∆!
∆!
= 0          (1) 

Adopting a Thornthwaite-Mather approach from Steenhuis and Van der Molen (1986) at a 
daily time step (Δt), the available water in the soil, AW (mm, the drainage, D (mm/day), 
and the actual evapotranspiration, AET (mm/day) can be modeled through a soil moisture 
accounting scheme. This Thornthwaite-Mather method of estimating the AW is (among 

Fig. 2. Conceptual model. 
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other assumptions) based upon the ideas that precipitation infiltrates the soil uniformly, 
that the soil moisture content is uniformly distributed and that new rainwater evaporates 
before the water currently stored in the soil moisture (Kerkides et al., 1996; Collick et al., 
2006). The AW is defined differently depending on whether the soil is drying out or 
wetting up and in the latter case also on whether the available water capacity, AWC (mm) 
has been reached (Steenhuis and Van der Molen, 1986). The AWC is calculated by 
multiplying the vegetation’s rooting depth (mm) by the amount of water between the 
volumetric field capacity (-) and the volumetric permanent wilting point (-) of the soil 
according to Dunne and Leopold (1978). The soil has dried out and fallen below the 
wilting point when the absorption forces binding the water to the soil particles exceed the 
capillary forces of a plant (Wagener et al., 2004); this model assumes the drying processes 
will diminish the available water asymptotically to the wilting point. The field capacity is 
reached when the soil is wet up to the point where gravitational forces drain the water out 
of the soil (Wagener et al., 2004).  

The daily net precipitation, Pn (mm/day) (Eqn 2), is defined to determine the condition if 
the soil is wetting up or drying out on a given day (modified from Steenhuis and Van der 
Molen, 1986).  

!! = ! − !"#           (2) 

Where P is the total precipitation and PET (mm/day) is the potential evapotranspiration on 
the day considered. 

When Pn is positive the soil is considered to be wetting up such that the available water for 
the current day t, AWt, (mm) can be calculated with Eqn (3) (Steenhuis and Van der 
Molen, 1986). Under such conditions, AET is assumed to equal the potential 
evapotranspiration, PET (mm/day). In this study, daily potential evapotranspiration was 
estimated with the Priestly-Taylor (1972) equation (Appendix 1), a process-based energy 
balance method. 

!! > 0 

!"!
∆!

=    !"!!!
∆!

+   !!          (3) 

On days when the available water exceeds the AWC (Eqn 4), it is assumed that the 
additional water forms drainage, D (mm/day) that recharges the groundwater storage (Eqn 
5). The available water in the soil is then set to its maximum which is the available water 
capacity (Steenhuis and Van der Molen, 1986). 

!"!!!   +   !!∆!   >   !"#           (4) 

!∆! = !"!!!   +   !!∆!  –   !"#        (5) 
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In the case when Pn is negative and the soil is drying out, AWt is calculated with Eqn (6) 
(modified from Steenhuis and Van der Molen, 1986). This is based on the assumption that 
there is a linear relationship between AET and AW from field capacity (when AW equals 
AWC) when AET equals PET to the wilting point of the soil when AET can be assumed to 
be zero. When the soil is drying out and the soil is below AWC, it is assumed that the water 
in the soil is held back by the capillary forces and does not drain out such that D goes to 
zero. The AET is in this case calculated with Eqn (7).   

!! < 0 

!"! = !"!!!!"#
!!∆!
!"#

          (6) 

!"# = !  +   !"!!!  –  !"!
∆!

        (7) 

Since the AWC as well as the PET differs between different land use categories depending 
on differences in soil and vegetation characteristics (rooting depths and surface emissivity), 
it is necessary to calculate separate AWs, AETs and Ds for the different land use categories 
within a catchment. 

In application of the model this current study, assumed rooting depths for the different 
land use categories presented in Table 2. These values are associated with large uncertainties 
since root distribution data is scarce in general and especially so in Mediterranean 
ecosystems (Silva and Rego, 2003). There is a wide variation in rooting depth among 
different plants and in different soil and climate conditions (Schenk and Jackson, 2002). 
Both rooting depth and soil characteristics are very heterogeneous features in the landscape. 
Unfortunately, there was no detailed soil map available but the dominant surface textural 
class is medium fine according to ESDAC (2012) which corresponds to silt loam (USDA, 
2012). As such, the average field capacity of silt loam soil subtracted by the wilting point 
for silt loam is 0.15 (Dunne and Leopold, 1978) which was adopted for all land uses in the 
catchment for estimating AWC for the current study.  

 

The model considered in this current study consists of two linear groundwater storages in 
series. The first storage receives water from the soil storage as drainage (Eqn 8) and adds to 
S1. The second storage can receive water that percolates from Storage 1 at a fixed 
percolation rate, K (day-1) (Eqn 9). As shown in Fig. 2, these storages contribute delayed 
flows to the modeled streamflow, Q (mm/day). Streamflow is, thus, the sum of the amount 

Table 2. Available water capacity 
 Olive groves Non-irrigated vegetation Non-irrigated sparse vegetation 
Rooting depth (mm) 1700

A 
 1100

B 
 550

B
  

AWC (mm) 260  110  25   
A FAO (2012)  
B Schenk and Jackson (2002) 
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of water that drains laterally from Storage 1, q1 (mm/day), and from Storage 2, q2 
(mm/day) (Eqn 10). [The lateral flow q1, is removed from S1 before the amount of water 
that percolates from S1 to S2 leaves Storage 1]. The rate at which water drains from each 
stage is controlled by calibrated baseflow coefficients such that α (day-1) defines the rate at 
which water drains from Storage 1 and β (day-1) defines the rate at which water drains from 
Storage 2 (Eqns 11 and 12) [Note: Storages 1 and 2 are conceived as conceptual storage 
units and S1 and S2 are the amounts of water in those units, respectively]. Note that by 
conservation of mass, K + α < 1 day-1. As such, surface runoff or overland flow is not 
explicitly included in this model and the baseflow coefficients are assumed to be fixed 
constants over time. These linear reservoir models are consistent with a linearized solution 
of the Boussinesq groundwater model (Boussinesq, 1903 as cited by Brutsaert and Nieber, 
1977). 

  !1! =
!∆!!!!!!! !!  !∆!   

!!!∆!
                            (8) 

!2!   = ! !1! ∆! + !2!!! 1−   !∆!          (9) 

            ! = !!   +   !!              (10) 

             !! = !"1            (11) 

             !! = !"2            (12) 

 

2.2.3 Including olive irrigation as an internal redistribution of water 
To simulate current land-water management in Sellas catchment, olive irrigation (Io, 
mm/day) was added to the Thornthwaite-Mather model as internal redistribution of 
groundwater (Fig. 2). The total amount and timing of irrigation currently applied to the 
olives in Sellas catchment is unknown so an approximate irrigation scheme was established 
based on existing literature and model evapotranspiration.  Experiments on the effect of 
different irrigation schemes  on olive yield revealed that irrigation was beneficial, but only 
up to a certain percentage of the olive-crop evapotranspiration, ETc, above which the effect 
of additional irrigation was only marginal (Patumi et al., 2002; D’Andria and Morelli, 
2002; Iniesta et al., 2009; Fernandes-Silva et al., 2010). Patumi et al. (2002) and D’Andria 
and Morelli (2002) found that 66% of ETc was the most beneficial while Fernandes-Silva 
et al. (2010) concluded that 30% of ETc was the threshold above which there was less 
impact on olive yield. These values (30-66% of ETc) provide a relevant range of irrigation 
values and practices for modeling the current olive tree management in the Sellas region.  
In my idealized model, the previous day’s AET is known and Io on the current day then is 
taken as 50% of the previous day’s AET when there was no rain; Io is taken as this amount 
minus any rainfall (with the condition that Io cannot be less than zero) on days when it was 
raining. These irrigation amounts were allowed to vary between 30-66% of AET values to 
explore potential impacts of management variability and water availability based on the 
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aforementioned studies. For the climate/land-water management change scenarios Io is 
taken as 50% of the previous day’s AET (i.e. a range of values was not used). This 
estimated amount of irrigation water for each day was withdrawn from S2 (amount of 
water in Storage 2) and added to the olive land use’s plant available water, AW, through net 
precipitation (Pn) for this land use category. In the model, a condition was set such that Io 
cannot exceed the total remaining amount of water in storage, S2.  

Regarding the timing of the olive irrigation, it was assumed that, as in experiments on the 
effect of different irrigation schemes on the olive yield (Patumi et al., 2002; Iniesta et al., 
2009; Fernandes-Silva et al., 2010), the olives are irrigated daily during the dry season. 
More specifically, the assumption was made that irrigation only takes place from June 1st to 
October 15th.  

2.2.4 Calibration 
In order to use this model for Sellas catchment, a calibration of the parameters α, β and K 
was performed with the aim of matching the observed monthly and total monthly 
streamflow.  

In the absence of long-term groundwater measurements, it was assumed that the 
groundwater storage is in steady-state under the current conditions. Stable conditions were 
achieved in the model by calibrating the initial values of S1 and S2, until the impact of the 
initial conditions was minimized and the storage was kept in equilibrium (i.e. the model 
stabilizes). To facilitate the calibration, the three years of temperature and precipitation 
data available from 2009 to 2011, were looped into a fictional 60 year period. The looping 
was used to better understand the long-term (>3 years) development of the storage under 
current conditions (when it was stable) and under the land-water management/climate 
change scenarios outlined in the following sections.  

2.3 Scenario analysis  

2.3.1 Climate change scenarios 
In the climate change scenarios explored, the model was run on precipitation and 
temperature data that were adjusted to match future climate projections for the Sellas 
region. 

Climate change projections for southwestern Greece suggest warmer and dryer conditions 
by the end of the 21st century (Table 3). Gao and Giorgi (2008) made simulations for the 
A2 and B2 greenhouse gas emission scenarios of the IPCC, (2000) with a fine (20 km grid 
spacing) resolution regional climate model, RCM (using the model, RegCM3, nested 
within the coarser scaled RegCM). Both of these scenarios of IPCC (2000) emphasize 
regionalization rather than globalization and they differ in that the A2 scenario is 
characterized by stronger economic growth while there is a stronger environmental 
protection in the B2 scenario (IPCC, 2000).  



Josefin Klein 
 

 
 

11 

 

 

 

The results of the simulations made by Gao and Giorgi (2008) presented in Table 3, refers 
to a change from the average temperature and precipitation conditions during 1961-1990. 
Temperature and precipitation data from Mouzaki weather station was only available from 
2009 and onwards. In order to use the climate change projections (i.e. bias correct the 
climate model projections), it was therefore necessary to scale the local data regionally using 
1961-1990 data from Kalamata, located approximately 30-40 km west of Mouzaki and 
Sellas catchment (Fig. 1c). The details of this procedure are outlined in Appendix 2.  

2.3.2 Land-water management change scenarios 
Both land-water management changes within and outside of a watershed can affect its 
water resources. The first land-water management change scenario explored here consisted 
of a conversion from olive groves to more water intensive land uses associated with tourism. 
In this study, these were assumed to be golf courses irrigated with an amount of water, Ig 
(mm/day), sufficient to sustain maximum soil moisture, i.e. to keep the AW stable at AWC 
(Table 4) (Eqn 13): 

!"!!! < !"# 

!!∆! = !"# −   !"!!!         (13) 

The irrigation amount and timing was thus different for this hypothetical golf course than 
for the olive groves. Due to different surface emissivity estimates (Table Appx. 1-1) for the 
different land uses, also the PET estimation differed between the olive groves and the golf 
course in this land-water management change scenario. That, together with lower rooting 
depth and available water capacity (Table 4) for the golf course compared to the olive 
grove, is what causes a change in actual evapotranspiration, groundwater storage and 
streamflow in this scenario. Similarly as for the olive irrigation, this scenario’s golf course 
irrigation is an internal redistribution of water. Both the withdrawal of the estimated 
amount of golf course irrigation and olive irrigation each day is here added to Eqn (12) but 
with the condition that the total amount of irrigation water withdrawn each day cannot 
exceed S2. Correspondingly as for the olive land use category, the applied golf course 
irrigation water was added to the Pn term in Eqn (2).  

Table 3. Climate change projections for southwestern Greece 2071-2100 compared to 1961-1990 
 A2 B2 
Temperature   +4 to + 4.5°C  +2.5 to + 3°C  
Precipitation -25 to -50% -5 to – 25% 
(Gao and Giorgi, 2008)  
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The second land-water management change scenario considered exporting irrigation water 
to a hypothetical golf course located outside of the catchment. The irrigation water 
application and the actual evapotranspiration estimate was the same as in the first scenario 
(Eqn 13). The main difference was that the part of the irrigation water that did not 
evapotranspire, was not added to the catchment again. This scenario’s golf course irrigation 
is thus an output of water from the catchment and represented by the arrow, irrigation 
outside of the catchment, in Fig. 2. Thus, the applied irrigation water leaves the modeling 
domain.  

Table 4. Available water capacity for the golf course 
Rooting depth (mm) 260*  
AWC (mm) 40  
*An average of the lowest part of the rooting depth range for Creeping Bentgrass (typical fairway grass in humid 
climates) planted in a field, i.e. 138 mm (Lehman and Engelke, 1991) and the highest part of the rooting depth 
range for Zoysiagrass (typical for fairways in dry climates) planted in greenhouse, i.e. 381 mm (Marcum et al., 
1995) was used as the rooting depth for the golf course. 

3 Results 

3.1 Modeling of the current water resources  
The hydrological model used in this study describes the monthly streamflow well (R2 = 
0.85) (Fig. 3). The average standard error of the modeled monthly streamflow, SEMOD, was 
0.4 mm/month representing 1% of the average monthly streamflow. There is however 
additional uncertainty, for example associated with the amount of irrigation water used for 
the olive production in the catchment (grey in Fig. 3a and error bars in Fig. 3b).  

 

The effective amounts of water in storage, S1 and S2, are presented in Fig. 4. These show 
the values obtained with the years 2009-2011 looped and the model calibrated to predict 
monthly streamflows. Here the oscillations represent seasonal variations seen across the 
three years.   

60	  

30	  

0	  St
re
am

flo
w
	  (m

m
/m

on
th
)	  

 
Ap

r	  
Ju
n	  

Au
g	  

O
ct
	  

De
c	  

Fe
b	  

Ap
r	  	  

Ju
n	  

Au
g	  

O
ct
	  

De
c	  

Ap
r	  

Ju
n	  

Au
g	  

O
ct
	  

De
c	  

	  

a)	  

Modeled	  (using	  a	  range	  of	  olive	  irrig.	  amounts)	  
Modeled	  (using	  a	  fixed	  olive	  irrig.	  amount)	  	  
Observed	  
	  

60	  

30	  

0	  M
od

el
ed

	  st
re
am

flo
w
	  

(m
m
/m

on
th
)	  

 

b)	  

0	   30	   60 
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(mm/month)	  

y	  =	  1.00x	  -‐	  0.01	  
R2	  =	  0.85	  
	  

Fig. 3. Modeled and observed monthly streamflow 2009-2011 (a) and their correlation (b). The result of using a 
range of possible olive irrigation amounts is presented in grey in Fig. 3a and as error bars in Fig. 3b. 
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The model does well to match the annual water balance for the Sellas catchment. Model 
based estimations of the annual average potential evapotranspiration are 1320 mm/yr and 
the average annual actual evapotranspiration are 633 mm/yr. Assuming a groundwater 
storage steady state for 2009-2011 in Sellas catchment, the observed average annual 
precipitation, 992 mm/yr, subtracted by the observed average annual streamflow, 352 
mm/yr (Table 1), provides an estimate of the average annual AET to 641 mm/yr. This 
value, obtained through the water balance equation, compares quite well with the annual 
average AET estimate obtained through the Thornthwaite-Mather water balance model 
used here, 633 mm/yr. Especially, considering that the model used here was calibrated to 
match monthly streamflow, not explicitly annual average AET. The estimated AET 
represents about 64% of the precipitation. The assumptions regarding the amount and 
timing of olive irrigation (50% of the previous day’s olive AET subtracted by the amount of 
precipitation applied daily from June to mid-October), resulted in an olive irrigation 
amount of about 111 mm/yr on average. This value agrees well with irrigation rates 
reported in the region. Specifically, Ekstedt (2013) estimated local olive irrigation rates of 
about 100-150 mm/yr in this region based on interviews. 

To match the modeled and observed monthly and total streamflow, the parameters α, β 
and K were calibrated to 0.0064 mm/day, 0.00033 mm/day and 0.0109 mm/day, 
respectively (Table 5). A sensitivity analysis of the calibrated parameters (α, β and K) 
showed that the model results were most sensitive to the parameter K (Table 5). The model 
results were less sensitive to the baseflow coefficients α and β. In addition to being affected 
by the calibrated parameters, the model results are also sensitive to the value adopted for 
the olive AWC (Table 5). 
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Fig. 4. Modeled S1 (brown) and S2 (green) during 2009-2011 looped into a fictional 60 year period. The result of 
using a range of olive irrigation amounts is presented in the grey fields (negligible in S1) while the lines refer to the 
results of using a fixed olive irrigation range. 
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Table 5. Sensitivity analysis of the calibrated parameters (day-1) and the available water capacities, AWC s (mm), 
adopted for the different land use categories. 
 Calibrated parameters (day-1) AWC  (mm) 

 

α β K Olive groves 
Non-irrigated 

vegetation 

Non-irrigated 
sparse 

vegetation 
Value 0.0064 0.00033 0.0109 260 110 25 
Change in standard 
deviation*  ±0.3% ±0.1% ±0.7% ±0.9% <±0.1% <±0.1% 

*of the monthly streamflow  after changing the calibrated parameter or AWC value, respectively, by 10% 
(expressed as a percentage of the average monthly  streamflow) 
 

3.2 Climate change scenarios 
The modeled S2 and streamflow in Sellas catchment will decrease rapidly under the 
anticipated climate change (Fig. 5). S2 will be reduced by 78-99.8% and the streamflow by 
71-97% of the current level on average under IPCC’s climate change scenario A2. Under 
the B2 scenario, S2 and the streamflow are also substantially decreased by on average 36-
77% and 33-70%, respectively, by the end of this century (Fig. 5).  

 

The regional climate-change-scaling (Appendix 2) indicated that the three years of available 
data used in this study were wetter than the 1961-1990 average (the reference period for 
the climate change projections). For comparison, the dotted black line in Fig. 5 refers to 
the S2 and streamflow levels when the meteorological data are adjusted to match the 1961-
1990 averages. According to these model results, the average streamflow during 1961-1990 
was about 20% lower than the 2009-2011 average, while the S2 was about 22% lower than 
the 2009-2011 average. Unfortunately, there was no streamflow (or groundwater storage) 
measurements from the study area available from the period before 2009 to validate this. It 
is however important to consider that the current level referred to in the scenario results 
seem to be higher than the long-term average.  

 

 

Fig. 5. S2 (average values of three year periods) a) and streamflow (average values of three year periods) b) under 
climate change scenario A2 (red) and B2 (orange) for 2071-2100 with a comparison to S2 and streamflow when the 
2009-2011 meteorological data are adjusted to match 1961-1990 averages (dashed black). The decreases in S2 and 
streamflow are expressed as percentages of their values under the current conditions. The years 2009-2011 are looped 
and 2009 is referred to as year 0. 	  
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3.3 Land-water management change scenarios 
The model predicts that, as expected, converting olive groves to golf courses results in a 
reduction of the catchment’s water resources and especially of the annual average S2 from 
where the irrigation water was assumed to be taken (Fig. 6). The amount of water in S2 
decreases with increasing golf course size but the rate of decrease levels off when S2 reaches 
a severely reduced level. S2 is depleted by a smaller golf course size in the second land-water 
management change scenario (Fig. 6b) where the hypothetical golf course is located outside 
of the catchment. The results show that a golf course of 130 ha, which represents 1.5% of 
the total catchment area (approximately the size of the Dunes Course at Costa Navarino 
downstream of Sellas catchment (Costa Navarino, 2012)), reduces the average S2 by 6-9% 
of the current level depending on if it is constructed within or outside of the catchment. 
Exploring a case where S2 reaches a critically low level, the results of this model show that 
if a golf course would be constructed within the watershed, it can cover up to 22% of the 
watershed before S2 is 
reduced by >90% of its 
current level. If it is 
constructed outside of the 
catchment, S2 will be 
reduced by >90% if the golf 
course area is larger than 
15% of the total watershed 
(Fig. 6). The catchment 
needs to be at least five or 
seven times the golf course 
area, depending on whether 
it is inside or outside the 
catchment, respectively, to 
be sustainable. 

The declining groundwater storage in the land-water management change scenarios 
explored can be explained by a large difference in evapotranspiration rates between the 
different land use categories (Fig. 7). The irrigated land uses, i.e. golf courses and olive 
groves, evapotranspire more water per area than the non-irrigated vegetation.  

 

 

Golf	  course	  area	  compared	  
to	  total	  catchment	  area	  (%)	  

0	  

Fig. 6. Relative change in annual average S2 (the average of the three last years 
in the looped data set) with increasing golf course area under current conditions 
(green and blue line) and under IPCC’s climate change scenario A2 (red) and 
B2 (orange). a)  represents a golf course located within the catchment and b) a 
golf course located outside of the catchment. 
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3.4 The combined impact of the climate and land-water management change scenarios 
According to the model, S2 is reduced by >99% under the dry end of the A2 climate 
change scenario. With that little, any land-water management change including an 
increased abstraction of irrigation water from S2 is, of course, infeasible. Under the B2 
scenario, S2 will be reduced by >90% by a golf course size that represents 3-11% of the 
total catchment area if the golf course is located within the catchment (Fig. 6a) and by a 
golf course size that represents 3-8% of the total catchment area if it is located outside of 
the catchment (Fig. 6b). This is a golf course of about 50-60% of the size that it could take 
under current conditions to deplete S2 to the same amount. 

Under the A2 scenario and a golf course with an area of 130 ha, the model predicts a 
reduction of S2 by 83 to >99% of the current level if it is located within the catchment 
(Fig. 8a). If the golf course is located outside of the catchment, the reduction is only 
slightly more severe; 85 to >99% (Fig. 8a). The streamflow would be reduced by 60 to 
>99% of the current level (Fig. 8c and 8e). This reduction (14-51 mm/month) is much 
great than the standard error of the model (0.4 mm/month), indicating the estimated 
changes are not an artifact of model uncertainty. Under the B2 scenario and 130 ha  golf 
course, S2 is predicted to be reduced by 32-87% of the current level (Fig. 8b) and the 
streamflow by 28-86% (Fig. 8d and 8f). There is considerable seasonal variation in the 
streamflow reduction (Fig. 8c and 8d), especially when the reduction is around 60-85%. 
Considering the reduction of S2, the seasonal variation is much less pronounced (Fig. 8a 
and 8b).  
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Fig. 7. The contribution from the different land use categories to the annual AET (a) compared to their area (b) with 
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4 Discussion 

4.1 Climate change vulnerability 
The results of the scenario analysis indicate a high vulnerability to climate change in Sellas 
catchment. The amount of water, S2, will be reduced by 36-77% under IPCC’s B2 
scenario and by >99% under the dry end of the range of the A2 scenario. Thus, the water 
table is likely to experience a draw-down. A similar, but slightly less, reduction is predicted 
for the streamflow; a reduction by 33-70% and 71-97% of the current level in the B2 and 
A2 scenarios, respectively. This is roughly in agreement with IPCCs projections on the 
impacts of climate change on runoff in southern Europe in large, i.e. a reduction of up to 
36% for annual flow and 80% for summer flow (Alcamo et al., 2007).  

Without historical streamflow or groundwater table measurements from Sellas watershed, it 
is difficult to assess how these results align with historical changes. Interestingly, the three 
years of available data (2009-2011) were wetter than the 1961-1990 average despite 
projections of reduced rainfall. Running the model with the 2009-2011 rainfall data 
adjusted to match the average climate of 1961-1990, the streamflow and S2 were 22% and 
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Fig. 8. Monthly S2 (a-b) and streamflow (c-f) in three years of 2071-2100 under the A2 scenario (hatched red 
field in a,  c and  e), the B2 scenario (hatched yellow/orange field in b, d and  f) and combined with a golf course 
located within the catchment (transparent green field a-f) and outside of the catchment (blue striped field a-f). The 
golf course size is here 130 ha. S2 and streamflow are expressed as percentages of their values under current 
conditions in a -d while the streamflow in e-f  is expressed in mm/month. The modeled streamflow during 2009-
2011 is presented as a solid black line in e-f . 
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20% lower, respectively, compared to 2009-2011. Prolonging and extending the data series 
by continued monitoring of the streamflow and groundwater would eventually enable more 
robust testing of the accuracy of the model predictions. This highlights the need for 
observation and monitoring in the region (such as that carried out by NEO). 

All climate change scenarios are attached with large uncertainties. Some of this uncertainty 
is evident in the range of results under the different scenarios. In addition to that 
uncertainty, another key unknown is, of course, some uncertainty about which one of the 
different scenarios are most similar to the actual future conditions. The climate change 
projections used here from Gao and Giorgi (2008) included down-scaling of a Global 
Climate Model, GCM, to a Regional Climate model, RCM. Such downscaling, as well as 
the application of a changed temperature and precipitation pattern in a specific drainage 
basin, is associated with large uncertainty, especially regarding the hydrological response 
and especially in mountainous basins (Bergström et al., 2001), under which Sellas 
catchment falls.  

In this model, only annual temperature and precipitation amounts have been adjusted to 
the climate change projections. IPCC’s projections for the Mediterranean region also 
include changed temporal precipitation patterns such as increased length and frequency of 
droughts and intensification of rainfall events (e.g. Milano, 2010). In a more detailed 
study, also a change in temporal variation during the year could be addressed, although this 
would require more years of observations than are currently available. 

4.2 Shifting to a more irrigation intensive land use 
In the light of the predicted impacts of climate change, land-water management changes 
towards intensified irrigation appear to have notable impacts in this region. This study 
shows that converting olive groves to golf courses, for example, will diminish future 
available water. Under land-water management change scenarios, i.e. ignoring future 
climate, the results indicate that S2 will be reduced by >90% by a golf course area of 15-
22% of the catchment area, depending on if it is located outside of or within the 
catchment, respectively. The reason for this is that irrigation water applied within the 
catchment recharges S2 and, subsequently, the streamflow (except for the part that is lost 
through evapotranspiration). To put these golf course areas in perspective, the golf course 
near NEO covers 130 ha which represents 1.5% of Sellas catchment. This more realistic 
golf course area of 130 ha would reduce S2 by 6-9% of the current level if it is inside or 
outside of the catchment, respectively.  

One of the simplifications used in this study is that the groundwater is assumed to have a 
homogenous spatial distribution. S2 is depleted simultaneously over the entire catchment. 
In reality, it would be depleted faster in some parts. This means that irrigation might be 
infeasible in parts of the watershed at an earlier point in time than suggested by the model 
results. The irrigation application within this model assumed, for both the olive groves in 
Sellas catchment and for hypothetical golf courses that irrigation water is taken from 
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groundwater. It was not feasible within this study to validate this assumption but it is 
common in arid and semi-arid countries to use groundwater for irrigation (Iglesias et al., 
2007).  

Varying the olive irrigation amount had an impact on the streamflow and intra-catchment 
water storage (Fig. 3 and 4). This study’s estimate of the olive irrigation amount to about 
111 mm/yr compares well with what was presented by Ekstedt (2013) of 100-150 mm/yr, 
based on an interview with a local agronomist in the Sellas region who had access to 
farmers’ irrigation records. Regarding the timing of the olive irrigation in the model used 
here, the same irrigation schedule was applied by Patumi et al. (2002), Iniesta et al. (2009) 
and Fernandes-Silva et al. (2010), i.e. daily irrigation during the dry season, was used. 
More specifically, olive irrigation took place on all days during the dry season except for on 
the days when the precipitation was high enough to meet 50% of the olive AET. This 
resulted in irrigation on 13 of 14 days on average during the dry season. However, the 
opposite relation, i.e. irrigation once every second week during the dry season, was 
presented by Ekstedt (2013). Perhaps, the irrigation timing presented by Ekstedt (2013) 
reflects the actual practices of the local farmers better but, still, the annual amount of 
irrigation compares well with her findings.  

4.3 The combined impact of and its implications 
The combined effect of the climate/land-water management change scenarios considered in 
this study is, as expected, greater than their individual impacts. For this region, under the 
B2 climate change scenario, a golf course can cover 3-11% of the catchment (or 3-8% if it 
is located outside of the catchment), before S2 is reduced by >90% of the current level. 
Thus, the maximum size of a golf course, before S2 drops to a critically low level, 
approaches the size of the golf course already constructed in the vicinity (1.5% of the total 
catchment area). Due to the high vulnerability to climate change (S2 will be reduced by 
>99% even without the construction of a golf course under the dry end of the A2 scenario) 
it must be considered a risky long-term development to shift towards irrigation intensive 
land uses, such as golf courses, in this area.  Note, with substantial reductions in S2, 
streamflow is also seriously reduced. 

The severe reductions of groundwater storage and streamflow, for the future scenarios, can 
cause negative environmental, social and economic impacts (Iglesias et al., 2007); for 
example, on agriculture and tourism. Undesirable effects of water table draw-downs include 
increased pumping costs, increased risk of salt-water intrusion and land subsidence 
(Dingman, 2002). There is also an increased risk of habitat loss due to reduced water levels 
in lakes and wetlands, reduced soil moisture, and altered near-shore marine environment 
due to reduced groundwater outflow (Dingman, 2002). In tourist destinations, an 
increased water scarcity can lead to an aggravation of local water conflicts (Pearce, 1993; 
Warnken et al., 2001; Markwick, 2000; Priestly, 2006; Serra et al., 2008; Thiel, 2010). 
Sellas catchment is located in a quickly developing tourist region and golf courses have 
recently been constructed in neighboring catchments. Continued monitoring of the local 
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water resources is therefore highly motivated and important since it would reveal if recent 
and future land-water management changes pose the risk of depleting the streamflow and 
groundwater storage. Ekstedt (2013) even found indications (though not scientifically 
proven) that the water-table has already been dropping in the Sellas area over the last 
several years. If confirmed, this would highlight the immediate interest of safe-guarding 
current water resources to prevent further depletion here. 

Identifying water-table drawdowns and/or reduced streamflow levels at an early stage may 
increase the chances that potential adaptation strategies will work. Monitoring and early 
warning systems are, together with strengthened regional cooperation, also highlighted by 
Iglesias et al. (2007) as very important in order to alleviate the coming decades’ elevated 
pressures on the water resources in the Mediterranean region. The risk of golf courses 
depleting the water resources in dry environments can be reduced to some extent by 
wastewater reuse. This practice is becoming increasingly popular in Europe for golf course 
irrigation (Lazarova, 2001). Other ways of decreasing the water demand of golf courses 
include measurements of soil moisture to reduce over-irrigation, reduction of the playing 
surfaces and the choice of a less water demanding or salt tolerant turf grass species 
(Gössling et al., 2012). The grass at the Dunes course at Costa Navarino, for example, 
requires 30% less water than average varieties according to the information on the resort 
website (TEMES, 2013). Another example of water conservation management at that golf 
course is the use of weather monitoring data to determine the appropriate amount of 
irrigation water (Costa Navarino, 2012).  It is also planned that treated wastewater will be 
used for irrigation (TEMES, 2013).  

The hypothetical golf course explored in this model was irrigated daily to maintain 
maximum soil moisture. It would be interesting to also investigate the effect of using 
different types of irrigation applications (e.g. the difference between sprinkler and drip 
irrigation) and alternative golf course management strategies.  

In addition to the impacts of climate and land-water management changes on the 
availability of irrigation water for a golf course, there will also be feedback effects on the 
catchment. Reduced groundwater storage will likely impact the olive production, e.g. by an 
increased cost of the irrigation water due to the dropping water-table level and the 
associated need to drill deeper wells for water extraction. Climate change in the past have 
been met by various adaptation strategies (e.g. Pandey et al., 2003) so it appears likely that 
the land use will change as the water supplies diminish, partly because irrigation intensive 
land uses will quickly become economically unviable.  

4.4 Model evaluation 
Within the field of hydrology, a desirable and necessary aim is to be able to make useful 
predictions of future water supplies even in regions and catchments with very limited 
amounts of data available, as was the case in this study focused on Sellas catchment. 
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Predictions based on such few measurements are often uncertain but used in the right way, 
they can still be informative.  

The model used here was based largely on the simple linear reservoir concept, which has 
been found to accurately represent rainfall-runoff response (Jakeman and Hornberger, 
1993). Jakeman and Hornberger (1993) specifically used the same two-component linear 
model configuration used here, i.e. where the two components can be interpreted as quick 
flow and slow flow respectively.  They applied their model to seven different catchments in 
temperate climates and concluded that this method is statistically rigorous. They base this 
approach on the hypothesis that catchment responds predominantly in a linear manner.  

Asserting that one of the major problems in rainfall-runoff modeling is over-
parameterization, Jakeman and Hornberger (1993) suggests that four parameters suffice. 
They also refer to Beven (1989) who proposes that three to five parameters should be 
enough to adequately reproduce most of the information in the hydrological record. The 
model used here had three parameters, thus, within the range that Beven (1989) suggests. 
One of the benefits of using a simple model over a more complex one is that some of the 
difficulties and uncertainties arising from having many parameters to calibrate can be 
avoided. This is in line with the behavioral modeling approach suggested by Schaefli et al. 
(2011) who aim at avoiding the reliance on calibration to observed data for hydrologic 
prediction. They present a new vision of hydrology with fewer black-box parameters using 
models based on both place specific information and by “fundamental understanding 
encapsulated in universal principles” (Schaefli et al., 2011, pp. 643).  

The short data series available in this study adds considerably to the uncertainty stemming 
from the calibration procedure, which would only be exacerbated with increased model 
complexity. The calibration performed in this study was based on an assumption of quasi-
steady-state groundwater storage behavior during 2009-2011. Further monitoring of the 
water resources in this region (including groundwater) could reduce uncertainties that stem 
from this non-validated assumption and also improve the preconditions of the calibration 
through data series prolongation.  

5 Conclusion  
It is clear from the results of this study that climate change is likely to have a large impact 
on Mediterranean water resources. This will limit the land-water management choices 
available in the future and points to the importance of local scale impact studies on 
combined climate/land-water management changes. It should be taken into account that 
these model results are associated with large uncertainties, stemming among other things 
from the simplifications made of the catchment representation and the short data series 
available for model calibration. However, they point to clear trends of diminished water 
resources availability.  Future research could, for example, seek to validate the assumptions 
made about irrigation sources, timing, and amounts as well as about the steady-state 
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groundwater storage during 2009-2011. As the catchment analyzed in this case study is 
located in an important tourism region for Greece and appears to be quite sensitive to 
future changes, there is great need to keep observing the water resource through efforts like 
NEO to allow for development of adaptive strategies – something that will likely be needed 
in the Mediterranean region at large. 
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Appendix 1  PET estimation 
There are several different methods available for estimating PET, i.e. “the idealized quantity 
of water evaporated per unit area, per unit time from an idealized, extensive free water 
surface under existing atmospheric conditions” (Shuttleworth, 1992 as cited by Yates and 
Strzepek, 1994, pp.3). They can be categorized as either process-based or empirical (Yates 
and Strzepek, 1994). The Priestly-Taylor (1972) equation for estimating PET has been 
found to give more accurate results in some studies and also requires fewer site specific 
measurements than the often favored Penman-Monteith method (Sumner and Jacobs, 
2005). Given the breadth of options for estimating PET, selecting an appropriate method 
essentially comes down to resolution required for the study at hand and data availability.  

The potential evapotranspiration, PET (mm), was calculated with the Priestly-Taylor 
(1972) equation (Eqn A.1).  

!"# =   !!
!"

∆
∆!!

!!           (A.1) 

where    αP = Priestly-Taylor constant (1.26) 
ρ  = Density of water (1000 kg/m3)  
λ  = Latent heat of vaporization (2500 kJ/kg)  
Δ = Slope of the saturation curve on the psychrometric chart (kg/m3/°C)  
γ = Psychrometric constant (0.000495 kg/m3/°C) 
!! = Net radiation (kJ/m2/d) 

The slope of the saturation curve on the psychrometric chart (Todd Walter, pers. com., 
2012-09-18) 

!   =   3.221×10!!!"# 0.08!!.!!"#         (A.2) 

where    T = Daily average air temperature (°C) 

Net radiation  

          !!   =   !!   +   !! −   !!          (A.3) 

where    RS = Incoming solar radiation (kJ/m2/d) 
RA = Atmospheric long wave radiation (kJ/m2/d) 
RT = Terrestrial long wave radiation (kJ/m2/d) 

Incoming solar radiation (Walter et al. 2005) 

!! = 1− ! !!!!            (A.4) 

where  α = Albedo, here 0.23 (Shuttleworth, 1992: 4.6) 
Tt  = Atmospheric transmissivity  
S0 = Potential solar radiation (kJ/m2/d)  
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Potential solar radiation (modified from Garnier and Ohmura 1968, Swift 1976 and Gates 
1980 by Walter et al. 2005) 

!! =
!ʹ
!
  cos!! −tan ! tan ! sin ! sin ! +  cos ! cos ! sin cos!! tan ! tan !

                            (A.5) 

where  S′ = The solar constant (117500 kJ/m2/d) 
φ  = Latitude of the location (radians) 
δ  = Solar declination (radians)  

Solar declination (modified from Rosenberg 1974 by Walter et al. 2005) 

!   = 0.4102 sin !!
!"#

  ! − 80           (A.6) 

where  J = The Julian day of the year (J = 1 on January 1st, J = 2 on January 2nd etc.)  

Atmospheric transmissivity (Bristow-Campbell, 1984)  

       !!   =   ! 1− !"# −! !!"# − !!"# !          (A.7) 

where  A = Maximum clear-sky transmissivity, here 0.75 
B = Energy partitioning coefficient 
C = Energy partitioning coefficient, here 2.4  

The transmissivity of the atmosphere varies depending on factors such as elevation, 
pollution content, humidity and cloudiness. Elevation and pollution content of the air is 
site specific and can be adjusted for in the A coefficient which represents the clear sky 
transmissivity. Humidity is one of the factors that determine how fast the maximum 
transmissivity is reached, the partitioning of energy. This can be adjusted for with the B 
and C coefficients (Bristow-Campbell 1984). Bristow-Campbell (1984) kept C constant at 
2.4 and varied B in order to take seasonality into account. Since the temperature difference 
between night and day is larger during clear sky conditions than during cloudy conditions, 
the difference between maximum and minimum daily temperature can be used as an 
approximation for the cloudiness (Bristow-Campbell 1984). A modification of the Bristow-
Campbell equation suggested by Ndlovu (1994) was used for a simpler way of calculating 
the B coefficient.  
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Bristow-Campbell’s B coefficient (Ndlovu, 1994) (Eqn A.8a for the 90 days before and 
after summer solstice and Eqn A.8b for the 90 days before and after winter solstice) 

            ! = !.!"!  !!!"#$

!!"!
             (A.8a) 

            !   =    !.!"  !
!!"#"

!!"!
            (A.8b) 

where  λ = Latitude (radians) of the location  
S030 = Potential solar radiation 30 days prior (kJ/m2/d) 

Atmospheric long wave radiation (the Stefan-Boltzmann law) 

!!  =!!σ!4              (A.9) 

where  T = Daily average air temperature (°K)  
εa = Atmospheric emissivity 
σ = The Stefan-Boltzmann constant (4.9 × 10-6 kJ/m2/K4/d)   

The atmospheric emissivity (Campbell and Norman, 1998 modified by Walter et al., 
2005) 

!!   =    (1− 0.84!)(0.72+ 0.005!)   +   0.84!    (A.10) 

where  T = Daily average air temperature (°C)  
C = Cloudiness factor  

Cloudiness factor (Campbell, 1985 modified by Todd Walter, pers. com., 2012-09-18) 

! =
0,!! >   0.75  
1,!! <   0.15  

1−   !!  !!.!"
!.!

   , 0.15   <   !!   <   0.75  
           (A.11) 

where Tt  = Atmospheric transmissivity  

Terrestrial long wave radiation (the Stefan-Boltzmann law) 

!! =    !!!!!           (A.12) 

where  T = Daily average terrestrial surface temperature (°K)  
εa = Surface emissivity 
σ = The Stefan-Boltzmann constant (4.9 × 10-6 kJ/m2/K4/d)  
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The surface temperature was assumed to be equal to the average air temperature. The 
surface emissivity for the different land use categories is presented in Table Appx. 1-1.  

Table Appx. 1-1. Surface emissivity 
Olive groves Non-irrigated vegetation Non-irrigated sparse vegetation Golf course 
0.97 0.96* 0.93 0.95 
Jin and Liang (2006). * Broadleaved, coniferous, sclerophyllous vegetation and shrubs. The surface emissivity 
for this category was a weighted average of the 83% forest which was assigned a surface emissivity of 0.96 
according to the mixed forest category in Jin and Liang (2006) and the 17% shrubs or sclerophyllous 
vegetation which was assigned 0.952 according to the partly covered with shrubs category in Jin and Liang 
(2006). 
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Appendix 2  Regional scaling of the local weather data  
Kalamata, had temperature and precipitation data available since 1951 (Fig. Appx. 2-1). 
Five years with missing data during 1961-1990 were excluded from the comparison. Data 
were also missing during the last five months of 2011. The rainfall August-December 
during the data from 1961-1990 was on average 45% smaller than the annual rainfall 
1961-1990. The same relationship was applied for 2011.The same procedure was used for 
the missing temperature values.  
 

 
Fig.  Appx. 2-1. Air temperature (a) and precipitation (b) in Kalamata 1951-2011 (KNMI 2012a and 2012b). The 
years 2009 to 2011 are marked with red dots. 

A comparison between Kalamata temperature and precipitation 2009-2011 and likewise for 
Sellas catchment (the average of Mouzaki and Chora) (Table Appx. 2-1) showed that 
temperature and precipitation followed roughly the same variation pattern those years.  
 

Table Appx. 2-1. Temperature and precipitation variation 2009-2011 in Kalamata (KNMI 2012a and 2012b) 
and Sellas (average of Mouzaki and Chora). The temperature and precipitation is presented as the 
difference to 2009. 
 Temperature  Precipitation 
 Kalamata Sellas (average of 

Mouzaki and chora) 
Kalamata Sellas (average of 

Mouzaki and chora) 
2010 +0.5°C +0.4°C -48% -46% 
2011 -0.2°C -0.4°C -13% -15% 

 

Since Kalamata and Mouzaki seemed to follow the same pattern 2009-2011, it was 
assumed that they were just as comparable 1961-1990. The average annual temperature 
1961-1990 in Kalamata was 0.2° C warmer than the 2009-2011 average and the average 
precipitation 1961-1990 in Kalamata was 10% smaller than the 2009-2011 average. The 
daily temperature data from Sellas catchment 2009-2011 was therefore adjusted to match 
the 1961-1990 average by subtracting 0.2° C from every daily minimum, average and 
maximum temperature value. The daily precipitation data from 2009-2011 in Sellas 
catchment were for the same reason multiplied with 0.9. This allowed for the use of the 
climate change projections that were made for 2071-2100 using the reference period of 
1961-1990. 
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