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Evapotranspiration and Soil
Evaporation to Climate Change
in the Eastern Mediterranean Region
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Abstract Climate data generated by a regional climate model (RCM) under the A2
scenario were used to quantify the evaporative demand of the atmosphere in the
Mediterranean region of Turkey in a baseline period (1994–2003) and the future
(2070–2079). The daily reference evapotranspiration and bare soil evaporation were
computed using the FAO-56 Penman-Monteith and E-DiGOR models, respectively,
for both periods. The sensitivity of Penman-Monteith type equations to the major
climatic variables was determined. Based on decadal averages, solar radiation, air
temperature, and wind-speed were projected to increase from 16.084 to 16.324 MJ
m−2 day−1, from 19.3 °C to 20.7 °C, and from 0.75 to 0.77 m s−1 respectively, by
the period of 2070–2079 compared with the baseline period. By contrast, the rel-
ative humidity is expected to decrease from 68.1 to 67.5% (equivalent to a 0.9%
reduction). The reference evapotranspiration (Eto) and potential soil evaporation
(Ep) are projected to increase by 92.0 mm year−1 and 68.6 mm year−1 respectively
by the 2070s. Conversely, the actual soil evaporation (Ea) is expected to decrease
by 49.6 mm year−1 by the same period due to the decrease in rainfall and soil
wetness.

The reference evapotranspiration was more sensitive to the net radiation in all
seasons; followed by the air temperature in the summer months, and by the relative
humidity in the winter months under both the present and future conditions. In
terms of the sensitivity coefficients, the Ep responded better to the changes in
climatic variables than the Eto. The sensitivity of Ep to the key climatic elements
varied with the seasons: the net radiation was the most causative variable in the
summer, whereas the air temperature and relative humidity were the most influential
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variables in the winter. The mean sensitivity coefficients for air temperature and
wind-speed are projected to increase from 0.40 to 0.45 and from 0.15 to 0.19
respectively by the period of 2070–2079. A slight change in the sensitivity coef-
ficient for relative humidity is projected. This could be explained by the expected
air temperature rise and the increase in wind-speed, followed by a negligible
decrease in humidity, which can increase the Ep rate. By contrast, the relative
contribution of the net radiation to Ep would decrease in the future with a coeffi-
cient decreasing from 0.84 to 0.80. This outcome can be attributed to the propor-
tionally higher increases in air temperature and wind-speed in the future, which
would reduce the relative portion of the net radiation.

Keywords Climate change � Evapotranspiration � Sensitivity coefficients
Soil evaporation

14.1 Introduction

One of the major issues of this century is global warming. Many impacts associated
with climate change have become evident during recent decades; therefore, the
issue of climate change has been the major interest of many interdisciplinary
studies. Climate change means not only changes in globally averaged surface
temperature, but also changes in atmospheric circulation, in the size and patterns of
natural climate variations, and in local weather (US-NAS and Royal Society 2014).
General circulation models (GCMs) are useful tools to project the possible future
climate with increasing confidence, although many aspects of climate change are
still uncertain. The projections of some GCMs are available on the IPCC website
http://ipcc-ddc.cru.uea.ac.uk/; however, models vary in their projections for the
magnitude of the expected warming. Nevertheless, all the models agree that the
overall net effect of feedbacks is to amplify warming (US-NAS and Royal Society
2014). The adequate downscaling of GCM projections is necessary to study most
impacts of climate change at local to regional scales (Yano et al. 2007). Therefore,
finer resolution is essential to resolve climatic features and weather extremes and is
also a necessity for any quantitative impact study. Thus, there is a need to make
extensive use of regional climate models (RCMs) capable of resolving spatial scales
as fine as possible http://prudence.dmi.dk.

Surface temperatures and precipitation in most regions vary greatly from the
global average because of the geographical location, in particular latitude and
continental position (US-NAS and Royal Society 2014). Based on the multi-model
projections of the 21st century, precipitation is projected to decrease in the
Mediterranean region. By contrast, the models projected a temperature rise by 2100
in the same basin (Fujihara et al. 2008; Giorgi/Lionello 2008; Sanchez-Gomez et al.
2009; IPCC 2013). In arid or semi-arid regions, minor variations in precipitation
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and temperature have easily induced significant changes in hydrological processes
(Huo et al. 2013). In other words, climate change is likely to have a profound effect
on the hydrological cycle, namely precipitation, evapotranspiration and soil mois-
ture (Goyal 2004). An accurate estimation of evapotranspiration is essential to
better understand land-atmosphere interactions, since it is an important variable in
the hydrological cycle for many applications, such as hydrological modelling, water
resources management, crop water requirement, and irrigation schedules. Usually,
actual crop evapotranspiration can be derived from reference evapotranspiration
(Eto) by means of appropriate crop and water stress coefficients. Recently, there-
fore, extensive research efforts have examined the potential impact of climate
change on reference evapotranspiration. Briefly, Eto is a measure of the evaporative
demand of the atmosphere independent of crop type, crop development, and
management practices (Estevez et al. 2009; Kwon/Choi 2011; Zhang et al. 2011;
Herrnegger et al. 2012; Yang et al. 2012; Huo et al. 2013; Li et al. 2013; Terink
et al. 2013; Ebrahimpour et al. 2014).

Similarly, the evaporation from bare soils is the link between the atmosphere and
soil surface in the water cycle; and it is a key issue in the hydrological processes,
which are linked to water fluxes in the soil (Romano/Giudici 2009; Vanderborght
et al. 2010). That is to say, quantification of the evaporation from bare soils is
critical in the physics of land-surface processes, because soil evaporation is an
important component of the water balance and the surface energy balance (Bittelli
et al. 2008; Allen 2011; Xiao et al. 2011). Agam et al. (2004) concluded that during
dry seasons, the latent heat flux played a major role in the dissipation of the net
radiation. Potential evaporation from bare soil (hereafter, potential soil evaporation)
is similar to evaporation from open-water surface, and it is independent of the soil
water content. However, under natural conditions, the soil surface is usually not at,
or near saturation. Therefore, the actual evaporation from the bare soil (in brief,
actual soil evaporation) is largely dependent on the soil water content, in addition to
meteorological conditions (Aydın et al. 2015). In this context, it is essential to know
the impacts of climate change on the components of soil-water balance and to use
the information for developing adaptations in water use and soil-water manage-
ment. However, these impacts have not been conclusively determined.

On the other hand, sensitivity analysis is important in understanding the impacts
of climatic variables on evaporation or evapotranspiration. Several leading studies
have assessed the parameter of sensitivity for vegetation or open-water surfaces
(McCuen 1974; Saxton 1975; Coleman/DeCoursey 1976; Beven 1979). Although
many studies to determine the effects of climatic variables on evapotranspiration
have been conducted for sensitivity analysis of the Penman-Monteith equation
(Beven 1979; Goyal 2004; Gong et al. 2006; Estevez et al. 2009; Kwon/Choi 2011;
Huo et al. 2013), studies on the sensitivity of the same model for potential soil
evaporation are rare in the literature (Aydın/Keçecioglu 2010; Aydın et al. 2015).
Although many aspects of climate change are still unpredictable, particularly at site
scale and regional level (Zhang/Liu 2005), numerous studies have been carried out
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on the regional and seasonal behaviour of the sensitivity of reference evapotran-
spiration to climate change in recent years (Rana/Katerji 1998; Hupet/Vanclooster
2001; Goyal 2004; Huo et al. 2013; Xie/Zhu 2013; Tabari/Hosseinzadeh-Talaee
2014; Xing et al. 2014; Xu et al. 2014). However, to our knowledge, there is no (or
very limited) data available on the sensitivity of evaporation and evapotranspiration
to climate change in the Mediterranean region of Turkey. In the present chapter,
therefore, an attempt has been made to study the sensitivity of reference evapo-
transpiration and soil evaporation to the major climatic variables such as radiation,
air temperature, relative humidity, and wind-speed under the current and projected
future conditions.

14.2 Materials and Methods

14.2.1 Study Area and Climate Data

The study station (36°59′N, 35°18′E) is located in the Adana province on the
Eastern Mediterranean coast of Turkey. The soils in the region are predominantly
fine-textured. A typical Mediterranean climate prevails in the study area, with mild
rainy winters and hot dry summers. The long-term mean annual temperature at the
site is 18.5 °C. The temperature extremes are −6.4 °C in February and 44.0 °C in
July. The mean annual precipitation is about 700 mm, and the mean relative
humidity is 66%. About 87% of precipitation occurs during the winter (November–
May) (http://meteor.gov.tr/). The observed climate data for the study area were
obtained from the Turkish State Meteorological Service (DMI). The mean monthly
climatic data prevailing in the evaporative demand of the atmosphere for the period
of 1994–2003 are given in Fig. 14.1. The mean monthly air temperature was cal-
culated by adding up the daily mean temperatures for each day of a month and then
dividing that sum by the number of days in the month. Solar radiation and the mean
air temperature were higher, but precipitation was lower during the summer than the
winter. A seasonal variation of relative humidity was observed, and the maximum
and minimum wind-speed (2 m height) occurred in February and August
respectively.

The climate data derived by a RCM have been used in the present chapter, where
the RCM projections were based on a newly suggested approach (Pseudo
Warming) using re-analysis data (Kimura/Kitoh 2007). The forcing data for the
boundary condition of the RCM are given by two GCMs (MRI-CGCM2 and
CCSR/NIES-CGCM) for the A2 scenario in the SRES (Yukimoto et al. 2001; Kitoh
et al. 2005). Climate change scenarios were created by superimposing projected
anomalies on observed climate data of the baseline period (1994–2003).
Temperature changes have been added as absolute changes to the baseline series;
the other climate parameters have been adapted according to their relative changes
(Tao et al. 2003; Dhungana et al. 2006; Yano et al. 2007). The future (2070–2079)
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climate changes have been applied to the available baseline climate series in a
straightforward way by using the daily data for the baseline period.

14.2.2 Model Descriptions

Evaporation from bare soils can be estimated using the E-DiGOR model, which
incorporates the quantification of runoff, drainage, actual soil evaporation, and soil

0

5

10

15

20

25

30

0

5

10

15

20

25

1 2 3 4 5 6 7 8 9 10 11 12

Ai
r

te
m

pe
ra

tu
re

(o C
)

Ra
di

a�
on

(M
J/

m
2 /

da
y)

R

Ta

45

55

65

75

0

50

100

150

200

250

300

1 2 3 4 5 6 7 8 9 10 11 12

Hu
m

id
ity

(%
)

Pr
ec

ip
ita

�o
n

(m
m

/m
on

th
)

P

H

0.4

0.6

0.8

1

1.2

1 2 3 4 5 6 7 8 9 10 11 12

W
in

d
sp

ee
d

(m
/s

)

Month

Fig. 14.1 Mean monthly-observed climatic data of the study area for the baseline period (1994–
2003) [R: Radiation, Ta: Air temperature, P: Precipitation, H: Humidity]. Source The authors
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water storage (Aydın 2008; Aydın et al. 2014). Potential soil evaporation is com-
monly computed using the classic Penman-Monteith equation, with a surface
resistance of zero (Allen et al. 1994; Wallace et al. 1999; Aydın et al. 2005). The
Penman-Monteith equation can be simplified to estimate the potential evaporation
from a bare soil surface for a 24-hour time step by assuming a standardised height
for wind-speed, temperature, and humidity measurements at 2.0 m (Aydın et al.
2015):

Ep ¼
DðRn � GsÞþ 0:1248qcpu2es 1� H

100

� �
kðDþ cÞ ð14:1Þ

where Ep is the potential soil evaporation (mm day−1), D is the slope of saturated
vapour pressure-temperature curve (kPa °C−1), Rn is the net radiation (MJ m−2

day−1), Gs is the soil heat flux (MJ m−2 day−1), q is the air density (kg m−3), cp is
the specific heat of air (kJ kg−1 °C−1 = 1.013), u2 is the wind-speed (m s−1) at 2.0 m
height, es is the saturation vapour pressure (kPa), H is relative humidity (%), k is
the latent heat of vaporisation (MJ kg−1), and c is the psychrometric constant
(kPa °C−1).

Then, the actual soil evaporation can be calculated by the Aydın equation (Aydın
et al. 2005; Bellot/Chirino 2013):

Ea ¼ Log wj j � Log wadj j
Log wtp

�� ��� Log wadj jEp

If wj j � wtp

�� ��; then Ea ¼ Ep or Ea=Ep ¼ 1

For wj j � wadj j; Ea ¼ 0

Note that Ep � 0

ð14:2Þ

where Ea is the actual soil evaporation (mm day−1), wtp

�� �� is the absolute value of
soil water potential (matric potential) at which actual evaporation starts to drop
below potential one (cm of water), wadj j is the absolute value of soil water potential
at air-dryness (cm), which can be defined as the water potential of the soil dried to
an air-dry state (Aydın et al. 2015), and wj j is the absolute value of the soil water
potential at the surface layer (cm).

The soil water potential at the top surface layer is estimated using the Aydın and
Uygur equation (Aydın et al. 2008):

w ¼ � ð1=aÞ 10
P

Ep
� �3

2ðhfc � hadÞðDavt=pÞ1=2
" #

ð14:3Þ

where w is the soil water potential (cm of water) at the top surface layer, a is a soil
specific parameter (cm) related to flow path tortuosity in the soil,

P
Ep is the

cumulative potential soil evaporation (cm), hfc and had are the volumetric water
content (cm3 cm−3) at field capacity and air-dryness respectively, Dav is the average
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hydraulic diffusivity (cm2 day−1) determined experimentally, t is the time (day), and
p is 3.1416.

The minimum water potential at the dry soil surface can be derived from the
Kelvin equation (Brown/Oosterhuis 1992; Aydın et al. 2005; Aydın 2008):

wad ¼
RgT
mg

ln Hr ð14:4Þ

where wad is the water potential for air-dry conditions (cm of water), T is the
absolute temperature (K), g is the acceleration due to gravity (981 cm s−2), m is the
molecular weight of water (0.01802 kg mol−1), Hr is the relative humidity of the air
(fraction), and Rg is the universal gas constant (8.3143 � 104 kg cm2 s−2 mol−1

K−1).
The Penman-Monteith method, considering aerodynamic resistance and surface

resistance, has been successfully used to calculate evapotranspiration from different
land covers (Gao et al. 2012). The FAO-56 Penman-Monteith (hereafter,
FAO56-PM) equation (Allen et al. 1998) may be written as (Aydın et al. 2015):

EtO ¼ 0:408D Rn � Gsð Þþ c 900
Ta þ 273 u2es 1� H

100

� �
Dþ cð1þ 0:34u2Þ ð14:5Þ

where EtO is the grass reference evapotranspiration (mm day−1), and Ta is the mean
daily air temperature (°C). Since the magnitude of daily soil heat flux beneath the
grass reference surface is relatively small, Gs can be ignored (Allen et al. 1998).

14.2.3 Sensitivity Analysis

There are different ways of computing sensitivity coefficients for climate variables
(Goyal 2004; Gong et al. 2006; Irmak et al. 2006; Estevez et al. 2009; Huo et al.
2013). In this study, the non-dimensional relative sensitivity coefficients were
calculated following McCuen (1974) and Beven (1979):

Si ¼ @O
@Vi

:
Vi

O
ð14:6Þ

here Si represents the fraction of change in variable Vi, transmitted to the change in
output O.

Based on the quotient rule for derivates and Eq. (14.6), the derived formulas for
the relative sensitivity coefficients (S) of the variables in Eq. (14.1) are as follows
(Aydın et al. 2015):
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SRn ¼
DRn

DðRn � GsÞþ 0:1248qcpu2esð1� H
100Þ

ð14:7Þ

SH ¼ �H=100
DðRn�GsÞ

0:1248qcpu2es
� H

100 þ 1
ð14:8Þ

Su2 ¼
1

DðRn�GsÞ
0:1248qcpu2esð1� H

100Þ
þ 1

ð14:9Þ

The sensitivity function related to the air temperature (Ta) can be approximated
by (see: McCuen 1974):

dEp

dTa
¼ D

dEp

dd
ð14:10Þ

Here, d is the vapour pressure deficit of the air (kPa). STa can found as:

STa ¼
DTa

DðRn�GsÞ
0:1248qcpu2

þ esð1� H
100Þ

ð14:11Þ

Aydın et al. (2015) reported that the contribution of the soil heat flux (Gs) to
daily evaporation was negligible, and Gs could not be considered in the sensitivity
analysis.

Similarly, the derivative approach can be used to calculate the relative sensitivity
coefficients (*S) of the variables in Eq. (14.5):

�SRn ¼
0:408DRn

0:408DRn þ c 900
Ta þ 273 u2esð1� H

100Þ
ð14:12Þ

�SH ¼ �H=100
0:408DRn

c 900
Ta þ 273u2es

� H
100 þ 1

ð14:13Þ

�Su2 ¼
1

0:408DRn

c 900
Ta þ 273u2esð1� H

100Þ
þ 1

� 0:34u2c
Dþ cð1þ 0:34u2Þ ð14:14Þ

�STa ¼
Ta

df ðTaÞ
dTa

0:408DRn þ c 900
Ta þ 273 u2esð1� H

100Þ
� Ta

dg Tað Þ
dTa

Dþ cð1þ 0:34u2Þ ð14:15Þ

where df ðTaÞ
dTa

and dgðTaÞ
dTa

are the derivatives of the numerator and denominator of
Eq. (14.5) with respect to air temperature ðTaÞ respectively, and are given below in
full (Aydın et al. 2015):
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df ðTaÞ
dTa

¼
1021:29Rn 4098:17e

17:27Ta
Ta þ 237:3 � 2ðTa þ 237:3Þe 17:27Ta

Ta þ 237:3

� �
ðTa þ 237:3Þ4

þ
549:72cð1� H

100Þu2 4098:17ðTa þ 273Þe
17:27Ta

Ta þ 237:3

ðTa þ 237:3Þ2 � e
17:27Ta

Ta þ 237:3

� �

ðTa þ 273Þ2

ð14:16Þ

dgðTaÞ
dTa

¼
2503:16 4098:17e

17:27Ta
Ta þ 237:3 � 2ðTa þ 237:3Þe 17:27Ta

Ta þ 237:3

� �
ðTa þ 237:3Þ4 ð14:17Þ

The non-dimensional relative sensitivity coefficients, as defined by Eqs. (14.7)–
(14.17), were calculated on a daily basis for net radiation, air temperature, relative
humidity, and wind-speed, using climatic data of the baseline (1994–2003) and
future (2070–2079) periods. Monthly average sensitivity coefficients were obtained,
by averaging daily values. Changes in stomatal resistance to enhanced CO2 con-
centration have not been considered in the sensitivity analysis.

In order to simplify the outline of main processes, particularly for readers, and to
better understand the frame of our discussion in this chapter, a flow-chart is

Climate Data:
(Present & Future)
-Temperature
-Solar radiation
-Humidity
-Wind speed

Derivation of  the 
equations for 

relative sensitivity 
coefficients

Potential soil 
evaporation 

(Present & Future)

Reference 
evapotranspiration
(Present & Future)

Water Input:
(Present & Future)
-Infiltrated rainfall
-Initial soil-water

Actual soil 
evaporation

(Present & Future)

Calculation of the 
non-dimensional relative

sensitivity coefficients
(Present & Future)

Projected percent 
change in climatic

variables
Percent change 

in the evaporative
demand of the 
atmosphere

Sensitivity 
coefficients under 
present climate

Soil Data

Fig. 14.2 The outline of the main processes and target elements under the Adana conditions.
Source The authors
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depicted in Fig. 14.2. It is a very well-known fact that the reference evapotran-
spiration EtOð Þ is based on a hypothetical grass surface, where an actual
land-surface and soil parameter is not used. Similarly, the potential soil evaporation
Ep
� �

is based on a hypothetical uniform soil structure; and it is dependent on the
climatic variables except albedo and soil heat flux, which are the only non-climatic
parameters. This means that both EtO and Ep can serve the purpose of comparison
of the climatic conditions, as well as the sensitivity to the climatic variables.
However, the actual soil evaporation Eað Þ is a soil controlled process in addition to
climatic conditions.

14.3 Results and Discussion

Daily climatic data necessary for computing the evaporative demand of the atmo-
sphere were downscaled by the RCM. As mentioned in Sect. 14.2.1, the RCM
projections were compared to the ten-year observed data of the baseline period
(1994–2003). The created data for the baseline period and projected changes in
their magnitudes in the future (2070–2079) are given in Fig. 14.3. Based on decadal
averages, solar radiation, air temperature, and wind-speed are projected to increase
from 16.084 to 16.324 MJ m−2 day−1, from 19.3 to 20.7 °C, and from 0.75 to 0.77
m s−1 (equivalent to 1.5%, 7.3%, and 2.7%) respectively by the period 2070–2079.
By contrast, the mean annual precipitation and relative humidity are expected to
decrease from 658.9 to 356.2 mm and from 68.1 to 67.5% (equivalent to 45.9% and
0.9% reduction) respectively by the 2070s when compared with the baseline period.
This reveals that the earlier version of the RCM with a grid distance of 25 km had
projected a drastic decrease in precipitation which consequently may not be
reliable.

The computations of the daily reference evapotranspiration (Eto), and potential
(Ep) and actual (Ea) soil evaporations were made for each of the years during the
decades of 1994–2003 and 2070–2079 using the data set of daily solar radiation, air
temperature, relative humidity and wind-speed of each period. The graphical
illustration of the daily data for the entire periods is not presented here since it
would have required a lot of space. Instead, the magnitudes of the annual Eto, Ep,
and Ea under the current and future climatic conditions are compared in Fig. 14.4.
Both Eto and Ep are projected to increase in the future, in response to the changes
in climatic variables such as solar radiation, air temperature, relative humidity, and
wind-speed by the 2070s, as predicted by the RCM. Both potential rates (Eto and
Ep) represent the evaporative demand of the atmosphere (Aydın et al. 2008). By
contrast, the annual Ea is projected to decrease by the period of 2070–2079
compared with the period of 1994–2003 due to lower precipitation and conse-
quently increased soil dryness in the future. The atmospheric evaporative demand
and actual soil evaporation denoted noticeable inter-annual fluctuations.
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A comparison of the mean monthly Eto, Ep, and Ea for the periods of 1994–
2003 and 2070–2079 is given in Fig. 14.5, along with mean annual values. The
seasonal variations in each component revealed similar patterns in the baseline
period and the future. The rates of Eto were greater than those of Ep. Although both
Eto and Ep are used to determine the evaporative power of the atmosphere, the
differences in their magnitudes can be attributed to the influences of the surface
types. In other words, the dissimilarities in the aerodynamic resistance of the above
surfaces, the surface resistance, radiation reflection (albedo), heat storage and
transfer of the media, and leaf area index etc., may produce obvious differences in
water-loss from the bare soils and from the soils beneath a canopy. Both Eto and Ep
were higher during the summer months than the winter months under the present
and future climate. By contrast, Ea rates were very low in the summer and high in
the spring months, depending on soil wetness. That is to say, on the one hand, the
size of rainfall events may play a key role in the magnitude of the actual soil
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evaporation; but on the other hand, the variations in the actual soil evaporation may
reflect the effects of the rainfall pattern. Unlike Ep, the Ea is largely influenced by
soil wetness. In other words, the magnitude of Ea is strongly related to the temporal
rainfall pattern, because the contribution of rainfall to the soil water content is
considerably dependent on the size of the rainfall events (Aydın et al. 2015). The
mean annual Eto and Ep are projected to increase by 92.0 mm and 68.6 mm
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Fig. 14.5 Changes in mean monthly and ten-year average reference evapotranspiration (Eto), and
potential (Ep) and actual (Ea) soil evaporations under the climatic conditions of baseline and future
periods. Source Modified from Aydın et al. (2008: 128)
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respectively in the future. By contrast, the mean annual Ea is projected to decrease
by 49.6 mm, as also reported by Aydın et al. (2008) together with the high dis-
crepancy observed between the Ep and Ea during the dry summer. Under wet
conditions (i.e., winter months), however, the Ea rates were very close to the Ep
rates.

The sensitivity coefficients of the major climatic variables are shown in
Figs. 14.6 and 14.7. For example, a sensitivity coefficient of 0.4 for a climatic
variable would suggest that a 20% increase of that variable, while the other vari-
ables are held constant, may increase a dependent variable (Eto or Ep) by 8%.
Negative coefficients would indicate that a reduction in a dependent variable would
result from an increase in that climatic variable. In evaporation studies, the sensi-
tivity coefficients may vary day-by-day, being dependent on the current values of
all the independent variables, and the value of the dependent variable (Beven 1979).

Reference evapotranspiration was more sensitive to the net radiation in all
seasons, followed by the air temperature in the summer months, and by the relative
humidity in the winter months under both the present and future conditions. The
response of Eto to the same climatic variables revealed no considerable difference
between the present and future, based on decadal averages (Fig. 14.6). The sensi-
tivity of potential soil evaporation to the key climatic elements varied with seasons:
the net radiation was the most causative variable in the summer, while the air
temperature and relative humidity were the most influential variables in the winter
(Fig. 14.7). The mean sensitivity coefficient related to air temperature is projected
to increase from 0.40 to 0.45 by the period of 2070–2079. Similarly, the mean
sensitivity coefficient for wind-speed is expected to increase from 0.15 to 0.19 by
the 2070s. A slight change in the sensitivity coefficient for relative humidity is also
noted. This could be explained by the expected air temperature rise and the increase
in wind-speed, followed by a negligible decrease in humidity, which can increase
the Ep rate. By contrast, the relative contribution of the net radiation to Ep would
decrease in the future with a coefficient reducing from 0.84 to 0.80 (Fig. 14.7). This
pattern can be attributed to the proportionally higher increases in the air temperature
and wind-speed in the future, which would reduce the relative portion of the net
radiation. The results for Ep are not directly comparable to those of the previous
works, due to the differences in the analysed equations, whereas different approa-
ches have been used in the literature to conduct the sensitivity analyses and to
derive and define the coefficients (Estevez et al. 2009; Ambas/Baltas 2012). In spite
of this fact, the order of sensitivity coefficients for major climatic variables trans-
mitted to Ep in this study, is similar to that reported by Aydın et al. (2015) using
climate data of seventeen meteorological stations of South Korea. Bearing in mind
that our results are based on the Penman-Monteith type equations, in all decades the
wind-speed was the least sensitive variable in both Eto and Ep. Gong et al. (2006),
analysing the sensitivity of the FAO56-PM model, also found lower sensitivity
coefficients for wind-speed. In the present study, based on the mean decadal
coefficients, both Eto and Ep were more sensitive to net radiation, followed by air
temperature, relative humidity and wind-speed. Contradictory results can be found
in the literature, as is the case in the studies conducted by Huo et al. (2013) and Li
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et al. (2013), who report that in some regions of China the wind-speed was the most
sensitive meteorological variable for Eto, followed by relative humidity, tempera-
ture, and radiation. In the same country, Xing et al. (2014) indicated that radiation
was mainly responsible for the Eto change in the southern and eastern basin of the
Haihe River, whereas relative humidity and wind-speed were the leading factors in
the eastern coastal and northern area. Kwon/Choi (2011) found that in Korea,
vapour pressure had the highest influence on Eto, followed by wind-speed and
radiation. By contrast, Goyal (2004) noted that in an arid region of India Eto was
sensitive to temperature and net radiation, followed by wind-speed and vapour
pressure. Some other studies (McCuen 1974; Saxton 1975; Coleman/DeCoursey
1976; Beven 1979) showed that potential evaporation/evapotranspiration was much
more sensitive to radiation, humidity, and temperature. According to the research
findings of Tabari/Hosseinzadeh-Talaee (2014), the Eto was most sensitive to air
temperature in an arid climate compared with semi-arid and humid climates; sim-
ilarly, the sensitivity of Eto to wind-speed decreased from an arid to a humid
climate. In contrast to the pattern of air temperature and wind-speed, the sensitivity
of Eto to sunshine duration increased from an arid to a humid environment. In this
regard, Estevez et al. (2009) indicated that the sensitivity of evapotranspiration to
the same climatic variables could vary with location. Similarly, Aydın et al. (2015)
reported that the influence of the variables to evapotranspiration (or evaporation)
was not the same for each period; and the order of the variables changed with
geographical positions. They emphasised that, in general, the Ep was more sensitive
to net radiation, while the Eto was mostly affected by relative humidity.

In brief, the sensitivity coefficients change temporally and spatially, because they
are, in themselves, sensitive to the relative magnitudes of all the independent
(climatic) and dependent (Ep or Eto) variables. On the other hand, the sensitivity
coefficients can be used to predict the change in the atmospheric demand for water
vapour in response to the expected changes in climatic variables. As an example,
the change in the evaporative demand of the atmosphere in the future was calcu-
lated by summing up the contribution of each climatic variable, based on their
sensitivity coefficients and percentage change in their magnitudes. Significant
effects can be produced by several combined variables acting in a concerted mode
in sensitivity studies. Nonetheless, the combined effects can be larger than the sum
of the individual effects of all the variables, because changes in more than one
variable are likely to occur at the same time in nature (Gong et al. 2006). An
increase of 44.3 mm year−1 appeared in the evaporative demand by the 2070s
compared with the baseline period, regardless of changes in Eto and Ep with
different rates. Unfortunately, the reliability of the sensitivity coefficients for the
future period, depends on the accurate estimates of future climate data. Atmospheric
temperature is the most widely used indicator of climatic change in both global and
regional scales (Moratiel et al. 2010). However, according to the US-NAS and
Royal Society (2014), “several major issues make it impossible to give precise
estimates of how global or regional temperature trends will evolve decade by
decade into the future.” In addition, there has been a widespread expectation that
evaporation would increase as air temperature increases. Paradoxically, despite the
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observed rises in average temperature, observations from the Northern Hemisphere
show that the rate of pan evaporation has been steadily decreasing over the past fifty
years (Roderick/Farquhar 2004; Pockley 2009). Therefore, the changes in all the
major climatic variables must be taken into account in evaporation studies to make
more robust predictions about future changes in the hydrological cycle (Roderick/
Farquhar 2002).

14.4 Conclusions

Solar radiation, air temperature, and wind-speed are projected to increase, while the
relative humidity is expected to slightly decrease by the period of 2070–2079
compared with the baseline period (1994–2003). The drastic decrease in future
precipitation predicted by the RCM with a grid distance of 25 km may be ques-
tionable. Climate change may affect soil dryness doubly, since the evaporative
demand of the atmosphere increases at the same time that precipitation decreases.
Unlike the reference evapotranspiration (Eto) and potential soil evaporation (Ep)
projected to increase due to the elevated evaporation requirements, the actual soil
evaporation (Ea) is projected to decrease due to the increased soil dryness.
Considerable discrepancy between the Ep and Ea was observed during the dry
seasons. The sensitivity of the Eto and Ep showed significant differences between
seasons in the same climatic variables. In general, both Eto and Ep were more
sensitive to net radiation, followed by air temperature, relative humidity, and
wind-speed; this was consistent for both periods, baseline and projected. The
sensitivity coefficients could be used to obtain the accurate change in the atmo-
spheric demand for water vapour. In terms of sensitivity coefficients, the Ep
responded better to the changes in climatic variables than the Eto. Overall, the
outcomes of this chapter can provide reference information to understand the
implications of climate change for the future water balance in a Mediterranean
environment and to improve the regional strategy for agricultural water manage-
ment and irrigation practices.
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