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ABSTRACT: We studied the sensitivity of reference evapotranspiration (£T0) to global warming in 
Spain at the end of the 21st century. The FAO-56 Penman-Monteith equation was used to estimate 
ETot and we examined the sensitivity of the latter to changes in temperature and relative humidity. 
Changes in stomatal resistance in response to increased C 0 2 concentration were not evaluated, ñor 
were the changes in wind velocity and solar radiation. Different scenarios were used for estimation of 
future ET0 in different river basins as a consequence of trends in the máximum and minimum tem-
peratures and máximum and minimum humidities during the period 1973-2002, as observed from 38 
meteorological stations. The temperature increases ranged between 0.3 and 0.7°C decade - 1 , and the 
relative humidities fluctuated between 0.1 and - 3 . 7 % decade - 1 . Four scenarios were simulated that 
considered the variations in linear tendency of the máximum and minimum temperatures and máxi
mum and minimum relative humidities. The trends of the 4 scenarios were incorporated with the data 
from 338 agrometeorological stations to estimate future ET0. In all cases, there was an annual 
increase in ET0 oí 11, 21, 36 and 7% above the annual ET0 (1196 mm) for Scenarios 0, 1, 2 and 3, 
respectively. The river basin most affected by these changes was the Ebro River valley. The most 
affected months were May, June, July and August, while the least affected months were November, 
December and January. 
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1. INTRODUCTION 

Global warming due to the enhanced greenhouse 
effect is expected to cause major changes in various 
climatic variables, such as precipitation, absolute 
humidity, net terrestrial, solar radiation and tempera-
ture (IPCC 2007). Atmospheric temperature is the 
most widely used indicator of climatic changes both 
on global and regional scales, and global land-surface 
air temperatures have increased in the Northern 
Hemisphere by 0.3°C decade - 1 from 1979 to 2005 
(Hansen et al. 2001, Smith & Reynolds 2005, Brohan 
et al. 2006, Lugina et al. 2007). According to Brunet et 
al. (2007), the annual daily mean temperature in 

Spain, estimated by linear trend, has increased by 
0.48°C decade - 1 from 1973 to 2005. 

The combination of 2 sepárate processes, where 
water is lost from the soil surface by evaporation and 
from the crop by transpiration, is referred to as evapo
transpiration. Hydrological parameters such as precip
itation, evapotranspiration, ground water and soil 
moisture are likely to change with climate (Gleick 
1986), and the impact of climate change on evapotran
spiration rates is important for hydrologic processes 
and, henee, water resources planning. Crop water 
requirements depend upon several climatic parame
ters, including rainfall, radiation, temperature, humid
ity and wind speed. Therefore, any change in climatic 
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parameters due to global warming will also affect 
evapotranspiration (Goyal 2004). Global warming in 
arid and semiarid regions is expected to increase dry 
conditions over southeastern Spain, which is already 
characterized by a 5 to 7 mo dry season. Decreases 
in rainfall have been observed over the Iberian Penín
sula since the early 1960s (Palutikof 2003), but ul
ereases have been noted in the northern coastal re
gions of Spain (Esteban-Parra et al. 2003). Esteban 
Parra et al. (2003) have reported significant increases 
in mean annual and seasonal temperatures during the 
20th century Changes in climate along the Mediter-
ranean coast have received particular attention in the 
literature owing to their potential impact on water 
resources in the región (De Luís et al. 2000, Ramos 
& Martínez-Casasnovas 2006, Bürger et al. 2007, 
Martínez et al. 2007). 

Globally, data consisting of direct measurements of 
actual evapotranspiration are limited. An indirect way 
to obtain estimates of evapotranspiration is the evapo-
ration rate from pans filled with water, known as pan 
evaporation (-Epan). Trends in .Epan have been reported 
with different conclusions depending on the región 
studied. In Israel, Cohén et al. (2002) showed ascend-
ing tendencies in .Epan in the central coastal plain, and 
Da Silva (2004) also found ascending trends in the 
northeast of Brazil. However, Roderick & Farquhar 
(2004) in Australia, Tebakari et al. (2005) in Thailand, 
Qian et al. (2006) and Xu et al. (2006) in China and 
Burn & Hesch (2007) in Canadá all reported decreas-
ing trends in -Epan. Jhajharia et al. (2009) found both 
decreasing and increasing tendencies in .Epan in north
east India, depending on the location of the station. 
Decreases in .Epan have been attributed to decreasing 
surface solar radiation and wind speed (Xu et al. 
2006), and increases in cloud cover, greater air pollu-
tion and higher concentrations of atmospheric 
aerosols (Liepert 2002, Liepert et al. 2004). Roderick & 
Farquhar (2002) observed a decrease in £pan, and they 
related this to the decreases in solar irradiance and 
the associated changes in diurnal temperature range 
and vapour pressure déficit observed by other au-
thors. In various European regions, the decreasing 
water requirement of the crops can be attributed to a 
shorter growing season as a result of increasing tem
peratures in spring, a reduction of the evaporative 
demand as a result of the diminishing global radi
ation, or a combination of these two (Supit et al. 2010). 
Pan evaporation depends on the water surface 
temperature and energy balance between the evapo
ration pan, water and the atmosphere. If the humidity 
does not change, increasing water temperature 
should increase evaporation. If the humidity in
creases, it will partially offset the impact of higher 
temperature on the evaporation. Evapotranspiration 

also depends on these factors, but it also depends on 
biological factors such as plant growth, canopy struc-
ture and stomatal responses to the environment. 

Small changes in evapotranspiration can have 
important consequences in arid climates. For example, 
Goyal (2004) reported that a 1 % temperature increase 
could increase evapotranspiration by 12.69% in arid 
regions of Rajasthan, India, where the annual rainfall 
varíes from 100 to 400 mm and mean temperature 
varíes by about 25°C. According to Anderson et al. 
(2008), an evapotranspiration increase of 18.7% re-
sulted from a 3°C rise in air temperature in California 
with an annual average precipitation of 640 mm and 
mean temperature about 15°C. At the end of the 1980s, 
Martin et al. (1989) and Rosenberg et al. (1989) re
ported an increase in evapotranspiration over grass-
land of 17% with an air temperature increase of 3°C 
based on measurements taken during summer in 
northeastern Kansas with temperatures ranging be
tween 24 and 35°C. 

Under the A1B scenario, the annual mean warming 
from 1980-1999 to 2080-2099 will vary from 2.2 to 
5.1°C in southern Europe and the Mediterranean 
región (Christensen et al. 2007). According to Ráisánen 
et al. (2004), future warming will be largest during 
northern European winters and southern European 
summers. Increased precipitation is expected in north
ern European winters, and decreased precipitation is 
anticipated in southern European summers. 

An increase in C 0 2 can lead to the closing of plant 
stomata, thereby increasing the resistance of the 
vapour flow through the transpiring plant and evapo-
rating soil surface (canopy or surface resistance, 
respectively) and reduced evapotranspiration rates 
(Long et al. 2004). Higher temperatures can increase 
growth rates and shorten growing seasons of annual 
crops. In some cases, this can impact the seasonal 
evapotranspiration, e.g. a 4 % decrease in seasonal 
total evapotranspiration for rice was observed for each 
1°C increase in air temperature owing to a shorter 
growing season (Mahmood 1997). One common fea-
ture of regional climate change scenarios is their 
anticipation of drier summers over continental Europe 
(Giorgi et al. 2001, Rowell & Jones 2006). Along with 
the resulting higher surface heating, drier weather 
could lead to more water stress and higher demand 
for water resources (Fink et al. 2004). 

The objective of the present study was to estímate 
changes in reference evapotranspiration (£T0) by the 
end of the 21st century in Spain as a consequence of 
climate change using the standardized Penman-
Monteith ET0 equation (Alien et al. 1998, 2006). Possi-
ble changes in temperature and humidity were evalu-
ated; changes in wind speed, radiation and canopy 
resistance were not considered. 



2. DATA AND METHODS 

2.1. Study área and climate 

The Iberian Península is located between the meri-
dians 9°W and 3°E, and the parallels 36° N and 
43°50'N. Spain has a mostly Mediterranean climate, 
which is characterized by a dry and hot summer and 
high rainfall and mild temperatures in the winter. Sea-
sons vary greatly across the country The southeast is 
characterized by a 5 to 7 mo dry season and the north-
west and north have dry seasons of <3 mo (Rana & 
Katerji 2000). Without irrigation, the water balance is 
extremely unfavorable for spring and summer crops in 
the southeast. 

2.2. Climate data 

Climatological data used in the present study can be 
divided in 2 groups: those used to identify the scenar-
ios and those used to simúlate the scenarios. In the for-
mer, 38 stations with complete data sets for the period 
1973 to 2002 were used. For these stations, the máxi
mum and minimum temperatures and máximum and 
minimum humidities, as well as trends in temperature 
and humidity, were analyzed for each river basin 
(Fig. 1, Table 1). Simulations were not performed for 
those stations where the scenarios were obtained, 
because the number of these was very small, and, at 
the majority of stations, the necessary sensors for the 
calculations of daily ET0 were not available. Simula
tions were applied to daily data from 338 stations of 
agro-meteorological networks (Sistema de informa
ción para el Regadío [SIAR]). These stations cover most 

Table 1. Number of stations per river basin. Calculation: 
stations used to calcúlate scenarios; Simulation: stations used 

to simúlate scenarios 

Zone 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

Basin 

North 
Duero 
Tajo 
Guadiana 
Guadalquivir 
South 
Segura 
Júcar 
Ebro 
Inner Catalonia 
Balearic Island 

Total 

Calculation 

5 
6 
2 
2 
4 
2 
3 
4 
6 
2 
3 

38 

Simulation 

5 
38 
33 
32 
55 
18 
23 
55 
68 
0 
11 

338 

of Spain (Fig. 1, Table 1). Data from each station in-
cluded measurements of solar global radiation (pyra-
nometer, SKYE SP1110); air temperature (Ta) and rela-
tive humidity (RH; HMP45C, Vaisala); wind speed (u) 
and wind direction (anemometer and wind vane, RM 
Young 05103); and precipitation (ARG100 rain gauge). 
Sensors were periodically maintained and calibrated, 
and all data were recorded and averaged hourly on a 
data logger (CR10X, Campbell). Both hourly and daily 
climate data were archived by SIAR. The agrometeo-
rological network SIAR was created in 1998, and has 
been widened in subsequent years, and has existed in 
its current form since 2001 (MARM 2010). Considering 
the years after 2001, we deduced that 2007 was the 
year with the least deviation in temperature relative to 
the reference period 1971-2000; mean temperature in 

Fig. 1. Locations of the meteorological stations selected in Spain by river basin. 1: North; 2: Duero; 3: Tajo; 4: Guadiana; 
5: Guadalquivir; 6: South; 7: Segura; 8: Júcar; 9: Ebro; 10: Inner Catalonia; 11: Balearic Island. (a) Stations used to calcúlate 

scenarios; (b) stations used to simúlate scenarios 



2007 was just 0.4°C higher than that of the reference 
periods (14.6°C), situating the mean temperature for 
2007 at 15.0°C. Temperature deviations in winter and 
spring were positive, while in summer and autumn 
they were insignificant (AEMET 2010). Therefore, the 
daily data for calculating ET0 were downloaded from 
the network websites for the year 2007. 

2.3. Calculations 

To créate the different scenarios, we calculated the 
linear annual trends in máximum temperature, míni
mum temperature, máximum relative humidity and 
minimum relative humidity for each of the river basins 
during the period 1973-2002. Following this, we calcu
lated the standard deviations for the 95 % confidence 
interval (CI) trends and posed the following 4 scenar
ios: Scenario 0, increases in the average trends of máx
imum and minimum temperatures for each river basin; 
Scenario 1, increases in the average trends of máxi
mum and minimum temperatures and humidities for 
each river basin; Scenario 2, increases in the máximum 
trends (within the 95 % CI) for the máximum and mini
mum temperatures and máximum and minimum 
humidities for each river basin; and Scenario 3, 
increases in the minimum trends (within the 95 % CI) 
for the máximum and minimum temperatures and 
máximum and minimum humidities for each river 
basin. 

Daily data for 2007 were used to calcúlate ETot which 
was estimated using the Penman-Monteith equation 
(Alien et al. 1998, 2006): 

^ \ *• max) ' ^ \ *• min) 
(3) 

0.408A(£n-G) + y 
ETn 

900 

T + 273 
M e s - e a ) 

A + y(l + 0.34u2) 
(1) 

where ET0 is reíerence evapotranspiration (mm d -1), Rn 

is net radiation at the suríace (MJ m - 2 d-1), Gis ground 
heat ílux density (MJ m - 2 d -1), Tis mean daily air tem
perature at 2 m height (°C), u2 is wind speed at 2 m 
height (m s-1), es is the saturation vapour pressure 
(kPa), ea is the actual vapour pressure (kPa), A is 
the slope oí the saturation vapour pressure curve 
(kPa °C-1) and y is a psychrometric constant (kPa °C-1). 
Eq. (1) applies specifically to a hypothetical crop with 
an assumed height oí 0.12 m, a suríace resistance of 
70 s m - 1 and an albedo of 0.23. 

Saturation vapour pressure at air temperature T, 
e°(T), was calculated using the following equation: 

e°(T) = 0.6108 exp 
17.27T 

T + 237.3 
(2) 

Saturation vapour pressure íor a day was estimated 
using the equation: 

where Tmax and Tmin are the daily máximum and mini
mum air temperatures (°C), respectively. 

Actual vapour pressure was estimated using the íol-
lowing equation: 

100 100 
(4) 

where ííRmax and HRmín are the daily máximum and 
minimum relative humidities (%), respectively. 

A simple Excel application called Estimation de la 
Evapotranspiracion en España (EEEs) was developed 
to estímate the ET0 in Spain under diííerent íuture sit-
uations. Using the daily data írom 338 stations and 
Eq. (1), ET0 was estimated íor 2007 and íor the 4 diííer
ent scenarios. Maps of these data were generated 
usmg the Surfer® 8 program. 

3. RESULTS 

3.1. Calculating the scenarios 

Linear trends in changes in máximum and minimum 
temperature, and máximum and minimum relative 
humidity for the period 1973-2002 are presented in 
Table 2. In all river basins, average increases in máxi
mum temperature ranged írom +0.32°C decade - 1 

(Segura) to +0.71°C decade - 1 (Ebro). Average in
creases in minimum temperature ranged írom + 0.28°C 
decade - 1 (Ebro) to +0.72°C decade - 1 (Segura). For 
máximum relative humidity, all the average incre-
ments were negative, with the greatest decreases in 
the Inner Catalonia river basin (-3.6% decade - 1), com
pared with decreases of - 0 . 1 % decade - 1 in the North 
river basin. Minimum relative humidity decreased íor 
all river basins except Segura, which had positive 
increments of +0.3 % decade - 1 . The strongest decrease 
in minimum relative humidity was found in the Ebro 
river basin, with a decrease of -3.7 % decade - 1 . 

Table 3 shows the scenarios given for the estimation 
of evapotranspiration at the end of the 21st century in 
accordance with Table 2. In these 4 scenarios, we con-
sider the most and least uníavorable situations for each 
of the river basins, as well as intermedíate situations. 
Scenario 0 is the consequence of an increase in aver
age temperature, without taking into account the vari-
ations in relative air humidity. Scenario 1 is the most 
probable, as we consider the average valúes oí the ten-
dencies íor the 4 chosen variables. Scenario 2 takes the 
greatest extremes of the CI oí the slope estimator with 
CI of 95%, i.e. the increments of the highest tempera-
tures and most negative relative humidity valúes. In 



Table 2. Annual temperature change estimated by a linear trend (parentheses: associated 95 % confidence intervals) for máximum 
and minimum temperatures and máximum and mimimum relative humidity calculated over the period 1973-2002 

River basin 

North 
Duero 
Tajo 
Guadiana 
Guadalquivir 
South 
Segura 
Júcar 
Ebro 
Inner Catalonia 
Balearic Island 

No. 

stations 

5 
6 
2 
2 
4 

2 
3 
4 
6 
2 
3 

Temperature máximum 
(°C decade"1) 

0.44 (0.64 
0.52 (0.78 
0.50 (0.77 
0.51 (0.80 
0.49 (0.74 
0.34 (0.54 
0.32 (0.50 
0.53 (0.75 
0.71 (0.98 
0.59 (0.78 
0.55 (0.75 

0.23) 
0.26) 
0.22) 
0.24) 
0.24) 
0.15) 
0.14) 
0.31) 
0.43) 
0.40) 
0.35) 

Temperature minimum 
(°C decade"1) 

0.36 (0.52, 
0.48 (0.70, 
0.39 (0.62, 
0.97 (1.24, 
0.55 (0.79, 
0.59 (0.77, 
0.72 (0.92, 
0.61 (0.81, 
0.28 (0.48, 
0.57 (0.76, 
0.70 (0.90, 

0.20) 
0.26) 
0.16) 
0.70) 
0.30) 
0.42) 
0.52) 
0.41) 
0.09) 
0.38) 
0.50) 

Máximum relative 
humidity (% decade -1) 

-0.1 (-0.5, 
-0.5 (-1.2, 
-1.0 (-1.8, 
-1.5 (-2.4, 
-1.0 (-1.7, 
-2.5 (-3.5, 
-1.0 (-1.9, 
-1.4 (-2.3, 
-0.5 (-1.2, 
-2.6 (-3.5, 
-1.0 (-1.5, 

0.3) 
0.1) 
-0.2) 
-0.7) 
-0.3) 
-1.5) 
-0.1) 
-0.4) 
0.26) 
-1.7) 
-0.6) 

Minimum relative 
humidity (% decade - 1) 

-0.9 (-1.5, 
-1.6 (-2.4, 
-0.3 (-1.2, 
-2.2 (-3.2, 
-1.1 (-2.2, 
-0.7 (-1.7, 

0.3 (-0.6, 
-1.2 (-2.4, 
-1.2 (-2.3, 
-3.7 (-4.7 
-0.7 (-1.4, 

-0.3) 
-0.8) 
0.6) 
-1.2) 
0.0) 
0.3) 
1.3) 
0.0) 
0.1) 
-2.7) 
0.0) 

Table 3. Scenarios considered as a consequence of climate change in each river basin according to the increments found in Table 2. 
rmax: máximum temperature (°C decade-1); Tmin: minimum temperature (°C decade-1); HRmayL: máximum relative humidity 

(% decade-1); HRmia: minimum relative humidity (% decade-1) 

Scenario 

0 

1 

2 

3 

Variable 

T 
1max T • 
A min HRmin 

HRmax 

T 
1max T • 
A min 

HRmin 

HRmax 

T 
1max T • 
A min 

HRmin 

HRmax 

T 
1max T • 
A min HRmin 

HRmax 

North 

0.44 
0.36 

0 
0 

0.44 
0.36 

-0.1 
-0.9 

0.64 
0.52 

-0.5 
-1.5 

0.23 
0.2 
0.3 

-0.3 

Duero 

0.52 
0.48 

0 
0 

0.52 
0.48 

-0.5 
-1.6 

0.78 
0.7 

-1.2 
-2.4 

0.26 
0.26 
0.2 

-0.8 

Tajo 

0.5 
0.39 

0 
0 

0.5 
0.39 

- 1 
-0.3 

0.77 
0.62 

-1.8 
-1.2 

0.22 
0.16 

-0.2 
0.7 

Guadiana 

0.51 
0.97 

0 
0 

0.51 
0.97 

-1.5 
-2.2 

0.8 
1.24 

-2.4 
-3.2 

0.24 
0.7 

-0.7 
-1.2 

Guadalquivir 

0.49 
0.55 

0 
0 

0.49 
0.55 

- 1 
-1.1 

0.74 
0.79 

-1.7 
-2.2 

0.24 
0.3 

-0.3 
0 

South 

0.34 
0.59 

0 
0 

0.34 
0.59 

-2.5 
-0.7 

0.54 
0.77 

-3.5 
-1.7 

0.15 
0.42 

-1.5 
0.3 

Segura 

0.32 
0.72 

0 
0 

0.32 
0.72 

- 1 
0.4 

0.5 
0.92 

-1.9 
-0.6 

0.14 
0.52 

-0.1 
1.3 

Júcar 

0.53 
0.61 

0 
0 

0.53 
0.61 

-1.4 
-1.2 

0.75 
0.81 

-2.3 
-2.4 

0.31 
0.41 

-0.4 
0 

Ebro 

0.71 
0.28 

0 
0 

0.71 
0.28 

-0.5 
-1.2 

0.98 
0.48 

-1.2 
-2.3 

0.43 
0.09 
0.3 
0.1 

Inner 
Catalonia 

0.59 
0.57 

0 
0 

0.59 
0.57 

-2.6 
-3.7 

0.78 
0.76 

-3.5 
-4.7 

0.4 
0.38 

-1.7 
-2.7 

Balearic 
Island 

0.55 
0.7 

0 
0 

0.55 
0.7 

- 1 
-0.7 

0.75 
0.9 

-1.5 
-1.4 

0.35 
0.5 

-0.6 
0 

this scenario, the highest ET0 increment valúes will be 
registered. Scenario 3 takes the smallest extremes of 
the CI of the slope estimator with CI of 95%, i.e. the 
increments of the lowest temperatures and least nega-
tive relative humidity valúes. In this scenario, the low
est ET0 increment valúes will be registered. 

3.2. Characterization of national evapotranspiration 

Spain is a country of great climatic heterogeneity 
and changing temperature and humidity impacts on 
ET0 could vary widely, depending on the climatic 
región. The average ET0 in 2007 for the 338 stations 
was 1196 mm (Fig. 2a). The minimum ET0 valúes were 
observed in northwestern Spain (753 mm) and the 

máximum valúes occurred in the Guadalquivir valley, 
where the mean was cióse to 1759 mm. 

Precipitation was irregularly distributed, reaching 
average valúes ranging from 1600 mm in the north -
west to 250 mm in the southeast. 

fn terms of annual accumulated precipitation, 2007 
was somewhat dry for the entire Spanish peninsula, with 
an average estimated precipitation of 608 mm compared 
with 650 mm for the reference period 1971-2000. Precip
itation valúes for 2007 were normal in the Mediterranean 
región, with an estimated average precipitation of 
575 mm, and somewhat dry in the Atlantic (629 mm). 

Considering all 4 scenarios, the greatest annual 
change in the increment of ET0 was 616 mm in Sce
nario 2 for the Ebro River basin, and the lowest was 
52 mm for Scenario 3 for the Segura River Basin 
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Fig. 2. (a) Reference evapotranspiration (£T0) in Spain for the 
referenceyear2007 andincreases attheend of the21st century 

according to Scenarios 0 (b), 1 (c), 2 (d) and 3 (e) 
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(Fig. 2). Scenario 2 was the most unfavorable for Spain, 
due to the greater water need. 

In Scenario 2, the greatest increase and difference in 
ET0 observed between different river basins was 
400 mm (Fig. 2d—one river basin with 700 mm and 
another with 300 mm, approx.). Scenario 3 presented 
the least variability compared to the current situation, 
with an annual average increase in ET0 oí 80 mm. In all 
of the given scenarios, the river basin most affected by 
the changes was the Ebro River basin, which always 
showed increases of >100 mm. 

Table 4 shows the monthly ET0 data and the corre-
sponding increases in ET0 for the given scenarios (see 
Table 3). The most affected months were May, June, 
July and August, while November, December and Jan-
uary were the least affected by the climate change. 

Scenarios 0, 1, 2 and 3 and resulted in increases in 
ET0 oí 1 1 % (128 mm), 2 1 % (257 mm), 36% (430 mm) 
and 7% (80 mm), respectively. The year 2007 has a 
variation of +0.4°C with respect to the average of the 
1971-2000 period (AEMET 2010). Applying the cor-
rection of -0.4°C to the máximum and minimum tem-



Table 4. Mean monthly reference evapotranspiration (£T0) and increments 
(A£T0; mm, %) of the different scenarios. Data are based on 338 stations using a 

reference year of 2007 

Month 

Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
Nov 
Dec 

Annual 

ET0 

(mm) 

31.5 
48.1 
87.5 
91.6 

144.6 
166.3 
198.0 
167.4 
113.7 
71.4 
45.5 
30.5 

1196 

Scenario 0 
(mm) 

4.1 
7.3 

13.7 
11.7 
16.5 
15.7 
16.6 
14.5 
10.4 
7.3 
5.7 
4.1 

128 

(%) 

13 
15 
16 
13 
11 
9 
8 
9 
9 

10 
13 
13 

11 

ÁET0 

Scenario 1 
(mm) 

11.2 
16.9 
25.5 
21.4 
29.4 
28.4 
30.7 
28.8 
21.8 
16.8 
13.8 
11.7 

257 

(%) 

35 
35 
29 
23 
20 
17 
16 
17 
19 
24 
30 
38 

21 

Scenario 2 
(mm) 

20.3 
29.8 
43.1 
35.8 
48.4 
46.2 
48.7 
46.7 
36.4 
29.1 
24.0 
21.5 

430 

(%) 

64 
62 
49 
39 
33 
28 
25 
28 
32 
41 
53 
70 

36 

Scenario 3 
(mm) 

2.7 
4.9 
8.2 
7.4 

10.1 
9.8 

10.2 
9.1 
6.7 
4.7 
3.6 
2.7 

80 

(%) 

8 
10 
9 
8 
7 
6 
5 
5 
6 
7 
8 
9 

7 

crements in ET0 for this month fluctu-
ated from 78 mm for the Ebro River val-
ley in Scenario 2 (Fig. 4d) to near zero 
for the Segura River basin in Scenario 3 
(Fig. 4e). 

Fig. 5 shows the relationship be-
tween the current (actual, £Toaa) and 
future (£Toaf) annual ET0 for the vari-
ous scenarios for all 338 stations. In all 
cases, £Toaf was greater than £Toaa, 
and the slope of the regression be-
tween £To a a and £Toaf was >1. In Sce
nario 0, a 1.00 mm increase in £To a a re-
sulted in a 1.107 mm increase in £Toaf, 
whereas in Scenario 2 a 1.00 mm in
crease in £To a a resulted in a 1.36 mm 
increase in EToaf. For the most proba
ble future scenario (Scenario 1), there 
was an annual increase of 21 % in ETn. 

pera tures for each Scenario posed at the end of the 21st 
century, we get increases of ET0 oí 10, 20, 35 and 6% 
for Scenarios 0, 1, 2 and 3, respectively, which is to say, 
a drop of 1 % in the increase of ET0 with respect to the 
2007 scenarios. In absolute terms, ET0 was highest in 
the months with the highest ET0 increments (Figs. 3 & 
4). In relative terms, the winter months showed the 
greatest relative increase. May had the highest 
absolute increase in ETot but July had the highest over-
all mean ET0 rate. 

The summer months had the highest water needs, 
e.g. 45 % of the annual ET0 occurred in June, July and 
August. July had the highest mean annual ET0 at 
189 mm, which represents 16% of the annual ET0. 
Because the greatest water need for crops occurs in 
July, any changes in the monthly ET0 rate could affect 
the distribution and/or sizing of the irrigation system. 
Fig. 3 shows the increases in ET0 that will occur in 
Spain as a consequence of the 4 scenarios presented 
for the month of January, and Fig. 4 shows these in
creases for July. 

A greater increase in ET0 in January takes place in 
northern Spain compared with southern Spain (Fig. 3). 
The most vulnerable áreas are the Ebro River valley, 
some points on the coast of the Cantabrian Sea and the 
south of Spain. In Scenarios 0 and 3, valúes of ET0 are 
reached with increases cióse to zero (Fig. 3b,e), which 
will not affect the current ET0 situation for January. 
Scenario 2 resulted in ET0 increments near 40 mm in 
the Ebro River valley, whereas in the majority of the 
peninsula increments were near 20 mm (Fig. 3d). 

Like January (Fig. 3), the área most vulnerable to cli-
mate change impacts on ET0 during July is northern 
Spain (Fig. 4), particularly the Ebro River valley. Thein-

3.3. Characterization of river basin 
evapotranspiration 

Spain divides into 11 major river basins. The Ebro 
River basin had the greatest annual increase in ET0 in 
Scenarios 0 (215 mm), 1 (373 mm) and 2 (619 mm). This 
river basin was least affected by Scenario 3. The Gua
diana River basin was most affected by Scenario 3 
(168 mm). The Segura River basin was least affected 
by Scenarios 0, 1 and 3, with an annual change of +75, 
+ 96 and -52 mm, respectively. The Northern River 
basin was least affected by the change in Scenario 2 
(213 mm). 

Table 5 displays the monthly ET0 for each river 
basin. The river basin with the greatest ET0 is the 
Guadalquivir (1309 mm). For all river basins, the 
month with the greatest ET0 is July, with valúes rang-
ing from 126 to 220 mm. 

The months most affected by the increase in ET0 for 
all scenarios were May, June and July in all river 
basins. The months least affected by these changes 
were November, December and January, depending 
on the river basin and the scenario. 

Future monthly ET0 (ETomí) was estimated using a 
linear adjustment between the current monthly ET0 

(£Toma) and the ETomí (Table 6). The Northern River 
basin is not shown in the results because of the low 
number of stations. The Inner Catalonia River basin is 
also not shown because there were no stations for the 
simulation scenarios. In Scenario 2, the monthly 
increase in ET0 ranged from -10 to 25%, whereas in 
Scenario 3, the increase ranged from ~0 to 7 %. Scenar
ios 0 and 1 resulted in intermedíate increases in ET0 

with respect to Scenarios 2 and 3. The Ebro River basin 



«I 
ETo (mm) ^ • % 

I IR 
• 2 0 

^ - i n 

W Fig. 3. (a) Reference evapotranspiration {ET0) in January for 
the reference year 2007 and increases in January according 

to scenarios 0 (b), 1 (c), 2 (d) and 3 (e) 

I 
3 

AET 30 AETo (mlT1) 

ff AET (mm) t 
20 

\ AEF (mm) 

was the most susceptible to climate change resulting 
from Scenarios 0, 1 and 2, with a monthly increase in 
ET0 oí 12, 17 and 25 %, respectively. For Scenario 3, the 
increase in ET0 ranged from 0 to 7 % for all river basins. 

4. DISCUSSION 

Some authors have reported that evapotranspiration 
over grassland increased by 17 % with air tempera ture 
increases of 3°C (Martin et al. 1989, Rosenberg et al. 

1989). However, the present study showed that the 
increase in evapotranspiration due to temperature rise 
can be offset with increasing humidity. The increase in 
máximum and minimum temperatures that will occur 
in Spain at the end of the 21st century according to the 
trend of the 1973-2002 period will be in increments of 
between 0.3 and 0.7°C decade - 1 , depending on the 
área. Authors such as Brunet et al. (2007) have indi-
cated increases in the máximum and minimum tem
peratures of around 0.5°C decade - 1 during the 1973-
2005 period, very similar to the valúes we obtained for 
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the 1973-2002 period. There have been several studies 
specific to Spain on the regional trends in máximum 
and minimum temperatures. Ramos et al. (2008) 
obtained trends similar to those found in the present 
study for the Ebro River basin área and Inner Catalo-
nia, with average increments in máximum and mini
mum temperature of 0.5°C decade - 1 . Del Rio et al. 
(2007) showed trends lower than those observed in the 
present study in the Duero River basin, with incre
ments in máximum and minimum temperature of 0.2°C 
decade - 1 for the 1961-1997 period. However, when 

this period is compared with that of the present study 
(1973-2002), this tendency increases (Brunet et al. 
2007). 

There is controversy with respect to changes in 
atmospheric humidity as a consequence of climate 
change, although the majority of authors suggest that 
relative humidity will remain more or less constant. 
According to Szilagyi et al. (2001), although tempera-
ture has increased, the vapour pressure déficit has 
remained constant during recent decades. Authors 
such as Ross & Elliott (2001), Soden et al. (2005) and 



2500 

2300 

2100 

^ 1900 
E 

£ 1700 

^ 1 5 0 0 

LU 1300 

1100 

900 
700 

y= 1.1068X 

R2 = 0.9087 

700 900 1100 1300 1500 1700 

2500 

2300 

2100 

1900 

1700 

1500 

1300 

1100 

900 

700 
700 

-

y= 1.21548* 
R2 = 0.8027 

^*? ° 
- S^° 

o a 

& 

0 

b 

900 1100 1300 1500 1700 

2500 

2300 

2100 

E~ 1900 

E 
X 1700 

1300 

1100 

900 

700 

^~ 
° 

a a 

°° % 

a i 

^^^ 

y = 1.3614x 
R2 = 0.7281 

c 

700 900 1100 1300 1500 1700 

£7"oaa ( m m ) (mm) 

Fig. 5. Relationship between the current (£Toaa) and future (£Toaf) annual reference evapotranspiration according to scenarios 0 (a), 
1 (b), 2 (c) and 3 (d) 

Table 5. Monthly reference evapotranspiration (£T0) for the different river basins. Data are based on 338 stations using a reference 
yearof 2007 

Month 

Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
Nov 
Dec 

Annual 

North 

20.67 
31.82 
53.92 
83.78 
95.02 

104.21 
126.07 
112.76 
87.84 
50.19 
24.88 
17.73 

809 

Duero 

20.85 
39.02 
70.70 
92.41 

120.60 
144.53 
179.07 
153.44 
110.66 
57.38 
34.61 
18.60 

1042 

Tajo 

26.61 
43.63 
84.14 
92.02 

135.35 
159.99 
203.94 
178.84 
116.85 
69.60 
39.67 
24.52 

1175 

Guadiana 

28.45 
46.04 
90.61 
95.70 

147.60 
175.11 
219.59 
187.33 
121.35 
78.38 
46.49 
28.53 

1265 

Guadalquivir 

37.62 
46.74 
94.43 
96.27 

151.08 
180.35 
217.89 
186.19 
124.12 

85.65 
53.60 
35.20 

1309 

South 

42.19 
59.31 

101.58 
95.14 

158.03 
181.64 
199.46 
170.71 
115.33 

79.36 
51.01 
41.16 

1295 

Segura 

43.73 
60.93 

103.45 
92.83 

167.91 
181.70 
197.16 
163.12 
109.88 

70.77 
49.24 
42.50 

1284 

Júcar 

34.51 
53.05 
90.92 
81.27 

149.92 
160.81 
178.56 
146.03 

97.67 
59.81 
38.67 
31.57 

1123 

Ebro 

27.62 
47.50 
83.90 
93.98 

143.72 
167.65 
205.28 
171.65 
120.19 
76.51 
52.93 
30.20 

1221 

Balearic 
Island 

32.20 
47.15 
76.00 
84.20 

143.86 
153.47 
167.58 
139.19 
96.61 
58.66 
38.52 
31.45 

1069 

T r e n b e r t h e t al. (2007) h a v e i n d i c a t e d t h a t h u m i d i t y 

will r e m a i n cons tan t . Rowel l & J o n e s (2006) s u g g e s t e d 

that , in t h e m o n t h s of J u n e t h r o u g h A u g u s t , t h e re la -

t ive h u m i d i t y cou ld d imin i sh b y 10 to 2 0 % b y t h e e n d 

of t h e 21st cen tu ry . In our case , t h e t r e n d s in r e la t ive 

h u m i d i t y a r e no t as h o m o g e n o u s as t r e n d s in t e m p e r a -

tu re , b u t w e o b s e r v e d s o m e d o w n w a r d t r e n d s in t he 

a v e r a g e v a l ú e s of m á x i m u m a n d m i n i m u m re la t ive 



Table 6. Valúes of the conversión coefficient b, which relates the future monthly reference evapotranspiration (£Tomf) with the cur-
rent monthly reference evapotranspiration (£Toma) according to the equation £Tomf = fo£Toma. R2 = 0.99 for the different scenarios 

Scenario 

0 
1 
2 
3 

Duero 

1.09 
1.14 
1.20 
1.07 

Tajo 

1.07 
1.08 
1.14 
1.01 

Guadiana 

1.07 
1.12 
1.14 
1.07 

Guadalquivir 

1.06 
1.10 
1.14 
1.03 

— Basin — 
South 

1.05 
1.10 
1.15 
1.04 

Segura 

1.05 
1.05 
1.10 
1.00 

Júcar 

1.07 
1.11 
1.16 
1.05 

Ebro 

1.12 
1.17 
1.25 
1.06 

Balearic 
Island 

1.07 
1.09 
1.13 
1.05 

7.6 

E 
E 

Uj 

6.8 

6.0 

y = 0.1389x4- 1.8823 
R2 = 0.9996 

7.1 

E 
E 
o 6.3 
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Fig. 6. Relationship between reference evapotranspiration {ET0) and the dif
ferent climate variables, (a) Máximum temperature, (b) minimum tempera-
ture, (c) net radiation at the surface, (d) máximum relative humidity, (e) mini
mum relative humidity and (f) wind speed. The variable on the x-axis of each 
panel is increased, while all other variables are held constant at: Tm 

28 MJ n r 2 d_1: u = 1.8 m s" 
32°C: 

& 4) a n d s o m e á r e a s on t h e s o u t h e r n 

coast . In g e n e r a l , t h e S e g u r a River ba s in 

h a d ET0 i n c r e m e n t s l o w e r t h a n in o the r 

r iver b a s i n s . This is b e c a u s e t h e u p w a r d 

t r e n d s in t e m p e r a t u r e a n d re la t ive hu 

midi ty w e r e l o w e r d u e to t h e loca t ion of 

t he 3 s ta t ions u s e d , w h i c h w e r e v e r y 

cióse to o n e a n o t h e r a n d to t h e sea . 

To exp l a in h o w t h e different scenar ios 

affect e a c h r iver bas in , w e first a n a l y s e d 

the i nd iv idua l con t r ibu t ion of t h e differ

en t c l imate v a r i a b l e s to t h e ET0 va lué , 

a n d c o n s i d e r e d s imula t ions in w h i c h 

only t h e a n a l y s e d v a r i a b l e c h a n g e d a n d 

the o the r s w e r e h e l d c o n s t a n t (Fig. 6). 

Hypothe t ica l ly , w e c o n s i d e r e d n o r m a l 

v a l ú e s for a s u m m e r d a y w h e r e Tm a x = 

32°C, Tjnjn = 15°C, Rn = 28 M J m" 2 d"1, 

u = 1.8 m s"1, HRmax = 9 0 % a n d HRmin = 

3 0 % , a n d m e a s u r e d t h e effect of in-

c r e a s e s of e a c h v a r i a b l e on ET0. Resul t s 

i nd i ca t e t h a t ET0 is d i rec t ly p ropo r t i ona l 

to e a c h of t h e va r i ab l e s . For all va r i ab l e s 

e x c e p t r e l a t ive humid i ty , ET0 i n c r e a s e d 

wi th t h e v a r i a b l e . W i n d s p e e d h a d the 

g r e a t e s t i m p a c t on ET0: i n c r e m e n t s of a 

un i t of w i n d ve loc i ty p r o d u c e d a n in-

c r e a s e of 0.67 m m in ET0. 

U s i n g Eq. (1), w e t h e n s e p a r a t e d ET0 

into d i aba t i c or r ad i a t i ve a n d ad i aba t i c 

or convec t ive (Monte i th & U n s w o r t h 

2008) c o m p o n e n t s : 

900 , , (5) 
V T . . „u2{es-ea) 0.408A(.Rn-G) , ' r + 273 

A + y( l + 0.34u2) A + y ( l + 0.34u2) 

h u m i d i t i e s u n d e r 3 % p e r d e c a d e , d e p e n d i n g on the 

r e g i ó n (Table 2). In m a n y cases , t h e r e d u c t i o n in h u m i 

dity is t i ed to a r e d u c t i o n in p rec ip i t a t i on (Rowell & 

J o n e s 2006). 

T h e r e g i o n s of S p a i n t h a t w e r e t h e m o s t su scep t i b l e 

to i n c r e a s i n g ET0 w e r e t h e E b r o River b a s i n (Figs. 2, 3 

w h e r e £ T o d a n d EToa a r e t h e d i aba t i c a n d a d i a b a t i c ref

e r e n c e e v a p o t r a n s p i r a t i o n c o m p o n e n t s , respec t ive ly . 

F o c u s i n g on t h e a d i a b a t i c c o m p o n e n t , w i n d s p e e d 

w a s mu l t i p l i ed b y t h e v a p o u r p r e s s u r e déficit (VPD = 

e s - ea), so t h e effect of t h e w i n d s p e e d on ET0 is less for 

smal le r VPD. I n c r e a s i n g t h e r e l a t ive h u m i d i t y c a u s e d a 



Table 7. Annual daily means of the climate variables affecting reference evapo-
transpiration ET0. Tmax: máximum temperature (°C decade -1); Tmin: minimum tem
peratura; HRmayL: máximum relative humidity; HRmin: minimum relative humidity; 
u: wind speed; Ra: net radiation at the surface; es - ea: actual minus saturation 

vapour pressure 

River basin 

Duero 
Tajo 
Guadiana 
Guadalquivir 
South 
Segura 
Júcar 
Ebro 
Balearic Island 

T 
1 max 
(°C) 

17.3 
21.0 
21.6 
23.2 
22.8 
22.7 
21.7 
20.0 
22.2 

T • 
Amin 
(°C) 

3.6 
6.8 
8.2 
9.8 

11.3 
11.0 

9.8 
7.1 

11.1 

HRmax 

(%) 

92.0 
86.1 
86.1 
83.9 
82.2 
85.0 
86.7 
87.8 
92.0 

HRmin 

(%) 

43.9 
38.0 
38.6 
37.1 
38.3 
39.2 
41.0 
41.2 
49.0 

u 
(m s"1) 

1.9 
1.5 
1.7 
1.6 
1.5 
1.7 
1.4 
2.4 
1.4 

Rn 
(MJ n r 2 d"1) 

16.7 
17.2 
18.2 
18.3 
18.4 
17.5 
16.2 
16.1 
15.5 

^s ^a 

(kPa) 

0.73 
1.04 
1.08 
1.20 
1.10 
1.06 
0.96 
0.92 
0.83 

F e b r u a r y will h a v e i n c r e a s e s < 3 0 m m 

mo" 1 u n d e r t h e mos t u n f a v o r a b l e con-

di t ions (g r ea t e s t i n c r e a s e in ETot Sce-

nar io 2). 

It is p r o j e c t e d t h a t p r ec ip i t a t i on in 

S p a i n will d e c r e a s e b y 3 0 % in 

the s o u t h a n d 5 % in t h e n o r t h 

(Rodr iguez -Pueb l a & Nie to 2009). 

F r o m a w a t e r m a n a g e m e n t po in t of 

v iew, c o n s i d e r i n g t h a t t h e mos t dec i -

sive factors in ag r i cu l tu ra l w a t e r 

m a n a g e m e n t a r e e v a p o t r a n s p i r a t i o n 

a n d p rec ip i t a t ion , t h e r e d u c e d p r e 

c ip i ta t ion a n d h i g h e r e v a p o t r a n s p i r a 

t ion cou ld a g g r a v a t e w a t e r p r o b l e m s 

in Spa in . 

r e d u c t i o n in VPD a n d r e d u c e d ET0. Wi th t h e g i v e n sce -

nar ios , w h i c h modify t h e t e m p e r a t u r e a n d re la t ive 

humid i ty , t h e a d i a b a t i c c o m p o n e n t w a s t h e mos t 

affected a n d , if t h e w i n d veloci t ies a r e also e l eva ted , 

t h e s e i n c r e a s e s a r e e v e n g rea te r , in t h e ca se of t he 

Ebro River bas in . 

T a b l e 7 s h o w s t h e a n n u a l dai ly a v e r a g e s of t h e dif-

fe ren t c l ima te va r i ab l e s , w h i c h exp l a in t h e b e h a v i o r of 

t he r iver b a s i n s as a r e su l t of t h e different c l imate 

c h a n g e scena r ios . T h e E b r o River b a s i n h a d t h e g rea t 

est w i n d s p e e d , w h i c h exp l a in s its suscept ib i l i ty to sce

nar ios . 

T h e m o n t h s m o s t af fec ted b y t h e scena r ios a r e May, 

J u n e , J u l y a n d A u g u s t . In t h e s e m o n t h s , t h e £ T o d is 

h i g h e r d u e to r ad ia t ion . In M a y a n d M a r c h , m a n y 

m e t e o r o l o g i c a l s t a t ions e x p e r i e n c e the i r h i g h e s t w i n d 

s p e e d s . 

5. C O N C L U S I O N S 

Genera l ly , t h e a n n u a l ET0 a t t h e e n d of t h e 21st 

c e n t u r y will l ikely i n c r e a s e , b u t t h e i m p a c t on ET0 

d e p e n d s on t h e m a g n i t u d e of c h a n g e in air t e m p e r a -

t u r e a n d r e l a t ive humid i ty . C o n s i d e r i n g t h e a v e r a g e 

t r e n d s of t h e di f ferent r iver bas ins , w e c a n affirm tha t 

t he a n n u a l i n c r e a s e in ET0 in S p a i n is 257 m m , an 

i n c r e a s e of 2 1 % . T h e s e i n c r e a s e s in ET0 c a n f luc tua te 

b e t w e e n 80 a n d 430 m m , d e p e n d i n g on t h e scenar ios . 

T h e b i g g e s t i n c r e a s e will b e in r e g i o n s w h i c h h a v e 

s t rong w i n d s , e .g. t h e E b r o River va l l ey a n d s o m e 

po in t s on t h e s o u t h e r n coas t of Spa in . T h e i n c r e a s e s 

will b e m o r e n o t i c e a b l e in t h e m o n t h s of May , J u n e , 

Ju ly a n d A u g u s t , w i t h i n c r e a s e s of < 8 0 m m m o - 1 

u n d e r t h e mos t u n f a v o r a b l e cond i t ions (g rea tes t 

i n c r e a s e in ETot S c e n a r i o 2). D e c e m b e r , J a n u a r y a n d 
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