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Abstract. The impact of climate change and its relation
with evapotranspiration was evaluated in the Duero River
Basin (Spain). The study shows possible future situations
50 yr from now from the reference evapotranspiration (ETo).
The maximum temperature (Tmax), minimum temperature
(Tmin), dew point (Td), wind speed (U ) and net radiation (Rn)
trends during the 1980–2009 period were obtained and ex-
trapolated with the FAO-56 Penman-Montheith equation to
estimate ETo. Changes in stomatal resistance in response
to increases in CO2 were also considered. Four scenarios
were done, taking the concentration of CO2 and the period
analyzed (annual or monthly) into consideration. The sce-
narios studied showed the changes in ETo as a consequence
of the annual and monthly trends in the variablesTmax, Tmin,
Td, U and Rn with current and future CO2 concentrations
(372 ppm and 550 ppm). The future ETo showed increases
between 118 mm (11 %) and 55 mm (5 %) with respect to the
current situation of the river basin at 1042 mm. The months
most affected by climate change are May, June, July, August
and September, which also coincide with the maximum wa-
ter needs of the basin’s crops.

1 Introduction

The combination of two separate processes, where water is
lost from the soil surface and from surface leaves by evapora-
tion and from crops by transpiration, is referred to as evapo-
transpiration (ET). Climatic parameters such as rainfall, wind
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speed, radiation, air temperature and air humidity affect the
crop water requirements. Global warming, due to the en-
hanced greenhouse effect, is generating changes in climatic
variables such as temperature, absolute humidity, solar radi-
ation and precipitation (IPCC, 2007).

Under the A1B scenario, the annual mean warming from
1980–1999 to 2080–2099 varies from 2.2◦C to 5.1◦C in
Southern Europe and the Mediterranean region (Christensen
et al., 2007). According to R̈ais̈anen et al. (2004), future
warming will be greatest during northern Europe’s winters
and southern Europe’s summers. In the Northern Hemi-
sphere, the air temperature will increase by 0.3◦C per decade
from 1979 through 2005 (Hansen et al., 2001; Smith and
Reynolds, 2005; Brohan et al., 2006; Lugina et al., 2007).
In Spain the annual daily means temperatures have increased
by 0.48◦C per decade from 1973 through 2005 (Brunet et
al., 2007). According to Ceballos-Barbancho et al. (2008),
the Duero river basin has a clear trend towards higher tem-
peratures with a mean increase of 0.58◦C decade−1 between
1973 and 2005.

During the period 1961–1990, the solar radiation trend de-
creased 1.3 % per decade with observations at land stations
around the world (Liepert, 2002). Other authors showed the
same trend in China (Ren et al., 2005) and the Mediterranean
area (Omran, 2000). Alpert et al. (2005) reported that these
reductions can be related to increased urbanisation, anthro-
pogenic aerosol concentration and cloud change (Liepert,
2002). Other authors reported positive global trends in re-
cent studies. Wild et al. (2005) showed that from 1990 on-
wards, the dimming did not persist, primarily from the North-
ern Hemisphere. Solar radiation data at Earth’s surface, from
1983 to 2001 increased at a rate of 0.16 watts per square me-
ter (0.10 %) per year (Pinker et al., 2005).
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The global trends of near-surface relative humidity are
very small (Trenberth, 2007). The trend in specific humidity
between 1976 and 2004 tended to follow surface tempera-
ture trends with a global average increase of 0.06 g kg−1 per
decade (Trenberth, 2007). Moratiel et al. (2010) observed
negative trends in relative humidity for Spain with a decrease
of 1.1 % per decade of maximum relative humidity and 1.2 %
per decade for minimum relative humidity.

There is scarce literature about changes in wind speed in
present and future in Europe with low agreement in the con-
clusions. According to Christensen et al. (2007), changes in
wind speed in Spain will remain close to zero, with negative
values in the Northeast (decrements of 5 %), and positive val-
ues in the Northwest and South (increments of 5 %).

Climate Change could potentially affect ET due to changes
in air temperature, humidity, wind speed, and effects on
cloudiness and atmospheric turbidity which affect net radia-
tion. The increases in the concentration of CO2 also cause re-
ductions in ET rates, due to the stomata closure which cause
increases in canopy resistance (Long et al., 2004).

One common feature of regional climate change scenarios
is their anticipation of drier summers over continental Europe
(Giorgi et al., 2001; Rowell and 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). According to Supit et al. (2010), in var-
ious European regions the decreasing water requirement of
the annual crops can be attributed to a shorter growing sea-
son as a result of increasing temperatures in spring. In same
areas of Europe (France and Spain) a reduction of the evapo-
rative demand as a result of the diminishing global radiation
has been observed, mainly during summer and autumn for
the 1976–2005 period. This can explain the decreasing water
requirement for some annual crop such as sugar beets (Supit
et al., 2010).

The aim of this study was to estimate the change in ref-
erence evapotranspiration (ETo) at the Duero river basin
(Spain) 50 yr from now using a standardized Penman-
Monteith ETo equation. The changes in temperature, dew
point, radiation, wind speed and change in canopy resistance
were evaluated.

2 Materials and method

2.1 Study area: Duero river basin

The hydrographic Duero basin is bi-national, and of its
97 713 km2 surface area, 81 % (79 147 km2) is Spanish ter-
ritory, and the remaining 19 % (18 565 km2) is Portuguese
territory (Confederación Hidrogŕafica del Duero, 2008). The
Duero river basin is located in Spain between the meridians
7◦4′ W and 1◦50′ W and the parallels 43◦5′ N and 40◦10′ N
(Fig. 1). The Duero basin coincides almost exactly with what
is called the Submeseta Norte, a territory of elevated average
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Fig 1. Location of study area. A, locations of meteorological stations used to calculate 

scenarios, points:  stations with data for Maximum Temperature (T ), Minimum 
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(HR ), Wind Speed (U). Triangle: station with Global Radiation data. B, locations of 

agrometeorological stations used to simulate scenarios. 

max

min max

min

 

Fig. 1. Location of study area. (A) locations of meteorologi-
cal stations used to calculate scenarios, points: stations with data
for Maximum Temperature (Tmax), Minimum temperature (Tmin)

Maximum Relative Humidity (RHmax), Minimum Relative Humid-
ity (RHmin), Wind Speed (U ). Triangle: station with Global Ra-
diation data. (B) locations of agrometeorological stations used to
simulate scenarios.

altitude (700 m a.s.l.), with two distinct parts: one mountain-
ous and the other a prairie region in its central zone. The ring
of mountains that surrounds the basin has the greatest rain in-
tensity. The central zone is much drier, but contains the great-
est aquifer formations, and this is the most important area
of agricultural production. The volume of average annual
precipitation in all the Duero basin is around 50 000 hm3,
of which the majority (35 000 hm3) evaporates or is used di-
rectly by the vegetation. The remaining 5000 hm3 constitutes
the total natural runoff, which flows through surface channels
or into the groundwater network though the aquifers. The
predominant climate is Mediterranean with summer drought
conditions which affect 90 % of the surface of the basin.
The average annual temperature is 12◦C and the average
annual precipitation is 618 mm (Confederación Hidrogŕafica
del Duero, 2008). Considering the threshold of 30 mm in
the definition of the dry month (Lautensach, 1967), the dry
periods inside the basin fluctuate between 2 and 5 months
(Ceballos et al., 2004).

Barley (Hordeum vulgareL.) is the most important crop
in the River Basin with an extension 1 300 000 ha followed
by wheat (Triticum eaestivumL.) with a 700 000 ha. Both
crops represent 38 % and 34 % , respectively, of the National
crop surface (MARM, 2010), being considered unirrigated
crops, even 10 % of the area is irrigated. Of grain legume
crops, the most important are pea (Pisum sativumL.) and
vetch (Vicia sativa L.) with 10 % irrigated area and with
55 % of the National crop surface. Sunflower (Helianthus
annuusL.) occupies 200 000 ha in the river basin, mainly
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unrrigated and representing 30 % of the National sunflower
crop area. Among irrigated crops are maize (Zea maysL.),
alfalfa (Medicago sativaL.) and sugar beet (Beta vulgaris
L. var. sacharifera) occupy 100 000, 64 000 and 35 000 ha ,
respectively, representing 30 %, 30 % and 67 % of each Na-
tional crop area. Vine (Vitis viniferaL.) shows 72 000 ha and
unirrigated, more than 90 %.

2.2 Climate data

The climatological data were divided in two groups: those
used to identify trends and to make the scenarios, and those in
which the obtained scenarios were simulated. For the former,
8 complete stations of meteorological networks (AEMET,
2010) were utilized during the period 1980–2009. In these
stations, the variables observed were maximum and mini-
mum temperature, maximum and minimum humidities, wind
speed and solar global radiation (Fig. 1a). For the case of
solar radiation, as there was no station with this series of
data, we used a station outside of the Duero River Basin less
than 70 km away. Net radiation was obtained by means of
solar radiation according to the expressions used by Allen
et al. (1998). The simulations were not done for the same
stations where the scenarios were obtained because for the
majority of stations, the necessary sensors for the calcula-
tions of daily ETo were not available. Moreover, the num-
ber of these is very small for the entire Basin. Simula-
tions were applied to daily data from 38 stations (Fig. 1b)
of agro-meteorological networks (SIAR, Sistema de infor-
macíon para el Regadı́o). Each station included the mea-
surements of: solar global radiation (pyranometer SKYE
SP1110), air temperature (Ta) and relative humidity (RH;
Vaisala HMP45C), wind speed (U ) and wind direction (RM
YOUNG 05103 anemometer and wind vane) and precipita-
tion (ARG100 rain gauge). The sensors were periodically
maintained and calibrated, and all data were recorded and
averaged hourly on a data logger (Campbell CR10X). The
agrometeorological network SIAR was created in 1998 and
has been widened in subsequent years, becoming completely
established in 2001 (MARM, 2010). 2007 was used as a
base year to run the simulations, as in this year there was
the least fluctuation with respect to the reference period of
1971–2000, as well as smaller deviations from the average
temperature of the years from 2001 to 2008. The mean tem-
perature for 2007 was 15◦C, four tenths of a degree higher
than for the reference period. These deviations in winter and
spring were positive, while in summer and autumn they were
insignificant (AEMET, 2010). The daily data for 2007 were
downloaded from networks for calculating ETo .

2.3 Calculations

We calculated the annual linear trends of the variables of
maximum temperature (Tmax), minimum temperature (Tmin),
dew point (Td), wind speed (U ) and net radiation (Rn) during

the period between 1980–2009. These trends were calculated
on a yearly and monthly basis. Subsequently, the Mann-
Kendall test was used for this study to determine whether
there was a statistically significant trend. The daily data
for 2007 were used to calculate reference evapotranspira-
tion (ETo), estimated using the Penman-Monteith equation
(Allen et al., 1998, 2006):

ETo =
0.4081(Rn − G) + γ 900

T +273u2(es− ea)

1 + γ ( 1+ 0.34u2)
(1)

where ETo is reference evapotranspiration (mm day−1), Rn
is net radiation at the surface (MJ m−2 day−1), G is ground
heat flux density (MJ m−2 day−1), T is 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),1 is the slope of the satura-
tion vapour pressure curve (kPa◦C−1) andγ is psychromet-
ric constant (kPa◦C−1). Equation (1) applies specifically to
a hypothetical crop with an assumed height of 0.12 m having
a surface resistance of 70 s m−1 and an albedo of 0.23.

The increase of CO2 provokes the stomata closure and di-
minishes the ET rates (Long et al., 2004). This increment af-
fects the ETo in the term of 0.34, denominator of the Eq. (1).
The 0.34 comes from the following:

rc

ra
=

70

208
/
u2

≈ 0.34u2 (2)

whererc is a surface resistance (s m−1) andra is a aerody-
namic resistance (s m−1/u2).

The rc = 70 s m−1 was derived by estimating the typical
stomatal resistancers = 100 s m−1 for the actively transpir-
ing C3 grass leaf surface, which was estimated as half of the
LAI = 2.88. Therefore, the 0.12 m tall grassrc was calculated
as (Allen et al., 1998):

rc =
rs

0.5×LAI
=

100s m−1

0.5×2.88
= 69≈ 70 s m−1 (3)

Assuming that therc = 69≈ 70 s m−1 applies under the
current 372 ppm atmospheric CO2 concentration, estimating
a newrc value for higher CO2 provides a method to estimate
possible impacts of higher CO2 on ETo. Note that the canopy
conductance corresponding to 69 s m−1 is 14.4 mm s−1.

The current global CO2 concentration is about 372 ppm
and it is projected to reach about 550 ppm by 2050 and
more than 700 ppm by 2100 (Prentice et al., 2001). For
Scenario A2, the atmospheric CO2 concentrations simulated
by models will range between 730 and 1020 ppm by 2100
(Meehl, 2007). Long et al. (2004) observed decreased stom-
ata conductance by 20 % average for C3 plants grown in el-
evated CO2 concentration (about 550 ppm) in FACE (Free-
Air CO2 Enrichment), based on more than 200 indepen-
dent measurements. This decrease of stomatal conductance
was observed for 28 species (Drake et al., 1997). Consider-
ing this is true for the stomatal conductance of 0.12 m tall
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C3 species of grass with a canopy resistance of 69 s m−1,
the stomatal conductance for C3 grass should decrease from
about 14.4 mm s−1 to 11.4 mm s−1, which corresponds to
rs = 125 s m−1. Using the same approach to calculaterc in
the ETo equation (Allen et al., 1998), therc for 550 ppm is
calculated as:

rc =
rs

0.5×LAI
=

125s m−1

0.5×2.88
≈ 87 s m−1 (4)

For the reasons stated above, we can assume an increas-
ing CO2 concentration from 372 to 550 ppm should increase
stomatal resistance from about 70 s m−1 to about 87 s m−1.

Dew point temperature (Td) in ◦C is calculated using the
expression (5):

Td = 237.3

[
ln(ea/0.6108)

17.27

1−
ln(ea/0.6108)

17.27

]
(5)

whereea is actual vapour pressure (kPa).
Four scenarios have been considered for the estimation of

ETo 50 yr from now:

– Scenario 1: annual trends of the climatic variables of
Tmax, Tmin, Td, Rn andU with annual concentrations of
CO2 of 372 ppm.

– Scenario 2: annual trends of the climatic variables of
Tmax, Tmin, Td, Rn andU with annual concentrations of
CO2 of 550 ppm.

– Scenario 3: monthly trends of the climatic variables of
Tmax, Tmin, Td, Rn andU with annual concentrations of
CO2 of 372 ppm and

– Scenario 4: monthly trends of the climatic variables of
Tmax, Tmin, Td, Rn andU with annual concentrations of
CO2 of 550 ppm.

The estimation of ETo in the Duero River basin under dif-
ferent future situations was carried out with a simple Excel
application called EEE (Estimation de la Evapotranspiracion
en Espãna). With the daily data of the 38 stations and the
expression (1), the ETo was estimated for 2007, for different
simulations, and was represented as a map with the Surfer®

8 program by means of the Kriging method.

3 Results and discussion

3.1 Variable climate and trends

In Table 1, we see the description and trends of the climatic
variables for the period 1980–2009. The maximum temper-
ature has an average annual value of 17.8± 0.6◦C, reaching
the maximum value in the month of July (29.0± 1.32◦C)
and the minimum in January (7.8± 1.17◦C). For the min-
imum temperature we obtained an average annual value of

5.75± 0.6◦C, showing the maximum value in the month
of August (13.0± 1.17◦C) and the minimum in January
(−0.5◦C± 1.17). The dew point is seen to be similar to
the minimum temperature with the same behavior in rela-
tion to the months with the maximum and minimum. The
wind velocities and the net radiation had annual values
of 3.05± 0.35 m s−1 and 8.19± 0.17 MJ m−2 d−1, respec-
tively.

Annually, we observe a positive trend in the variables
Tmax, Tmin, U andRn although onlyTmax, Tmin andRn show
significant trends at≥95 % level according to the Mann-
Kendall test statistics. The dew point shows negative trends
although it does not present significant differences at the
≥95 % level. The trend ofTmax and ofTmin is of 0.03◦C yr−1

for the period 1980–2009. The temperature increase that
Spain will suffer in the future will be in the range of 0.3◦C
and 0.7◦C per decade depending on the area; for the Duero
Basin, the increments ofTmax are Tmin are of 0.52◦C and
0.48 per decade, respectively, for the period 1973–2002
(Moratiel et al., 2010).

Authors such as Brunet et al. (2007) observed tempera-
ture increases around 0.5◦C per decade for the period 1973–
2005. Studies in different regions of Spain have been done by
various authors. Ramos et al. (2008) found trends of 0.5◦C
per decade in the Ebro River and Inner Catalonia basins for
the period between 1967–2005. Del Rio et al. (2007) showed
lower trends than those of this study forTmax andTmin with
values of 0.2◦C and 0.1◦C per decade, respectively, for the
Duero River Basin during 1961–1997. Nevertheless, when
this series is compared with series for more recent periods,
this trend increases (Brunet et al., 2007).

In Table 1, we see that the monthly trends ofTmax and
Tmin are very different, with positive trends observed in all
months except September, November, and December, which
have negative trends. The months in which the trends of the
Tmax andTmin presented significant differences at the level
≥95 % were May and June. For May we observed trends of
0.115◦C yr−1 and 0.08◦C yr−1 for Tmax and Tmin, respec-
tively, while for June it was of 0.13◦C yr−1 for Tmax and
0.094◦C yr−1 for Tmin. Christensen et al. (2007) showed
higher positive trends in average temperature during the sum-
mer months than for the winter months in the south of Eu-
rope. According to Kjellstroström et al. (2007), the range of
change in daily maximum temperatures for June, July and
August (JJA) is between 3◦C and 9◦C and between 1◦C and
5◦C for daily minimum in the Iberian Peninsula considering
ten regional climate model (RMC) with a future scenario pe-
riod (A2), 2071–2100. These authors observed that the dif-
ferences between models are larger for the extremes (max-
imum and minimum) than for mean temperatures. These
models behave differently and there is no established way to
tell which one represents the most probable version of the fu-
ture (D́eqúe et al., 2007). This is the reason why multimodel
ensamble analysis at European (Christensen and Chistensen,
2007) and Spanish scale (Ruiz-Ramos and Miguez, 2010)
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Table 1. Descriptive and conditional Mann-Kendall test (MK-test) statistics for variables Maximum Temperature (Tmax), Minimum Tem-
perature (Tmin), Dew Point (Td), Wind Speed (U ), and Net Radiation (Rn) in stations in the Duero Basin for the period 1980–2009. The
numbers in bold indicate significant trends at≥95 % level.

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

Tmax (◦C)

Mean 17.8 7.8 10.3 14.0 15.4 19.5 25.3 29.0 28.6 24.3 17.9 11.9 9.9
SD 0.60 1.17 1.85 1.88 1.97 2.28 2.29 1.32 1.43 1.95 2.03 1.61 0.95
Trend yr−1 0.030 0.014 0.048 0.043 0.070 0.115 0.130 0.023 0.018 −0.040 0.014 −0.025 −0.029
MK-test 2.43 0.46 0.93 1.04 1.43 2.34 2.91 0.79 0.50 −0.64 0.21 −0.54 −1.39
p 0.02 0.64 0.35 0.30 0.15 0.02 0.00 0.43 0.62 0.34 0.83 0.59 0.16

Tmin (◦C)

Mean 5.8 −0.5 0.0 2.0 3.6 7.0 10.71 12.91 13.0 10.3 6.8 2.7 0.6
SD 0.60 1.77 1.66 1.33 1.22 1.32 1.25 1.11 1.17 1.34 1.22 1.79 2.28
Trend yr−1 0.030 0.046 0.013 0.028 0.050 0.080 0.094 0.022 0.027 −0.013 0.056 −0.002 −0.028
MK-test 2.07 0.98 0.07 0.87 1.52 2.57 3.41 0.75 0.89 −0.50 1.82 −0.02 −0.55
p 0.04 0.33 0.94 0.38 0.13 0.01 0.00 0.45 0.37 0.62 0.07 0.99 0.58

Td (◦C)

Mean 5.6 0.9 1.1 2.2 3.5 6.5 9.3 10.4 10.9 9.6 7.3 3.8 1.9
SD 0.49 1.41 1.73 1.37 1.23 1.17 0.88 1.06 1.03 1.32 1.04 1.64 1.97
Trend yr−1

−0.015 0.025 −0.007 −0.006 0.012 0.039 0.000 −0.071 −0.064 −0.080 0.013 −0.048 −0.043
MK-test −1.18 0.82 −0.11 −0.14 0.57 1.64 0.04 −2.53 −2.53 −2.36 0.61 −1.25 −

p 0.24 0.41 0.92 0.89 0.57 0.10 0.97 0.01 0.01 0.02 0.54 0.21 0.35

U (m s−1)

Mean 3.0 2.8 2.9 3.4 3.6 3.4 3.1 3.1 2.9 2.7 2.8 2.7 3.3
SD 0.35 0.85 0.65 0.60 0.62 0.53 0.44 0.41 0.48 0.42 0.64 0.68 0.80
Trend yr−1 0.017 0.023 0.023 0.016 0.005 0.002 0.015 0.0170.027 0.015 0.012 0.040 0.018
MK-test 1.82 1.50 1.55 1.11 0.38 0.09 1.38 1.70 2.52 1.82 0.88 2.71 1.00
p 0.07 0.13 0.12 0.27 0.71 0.93 0.17 0.09 0.01 0.07 0.38 0.01 0.32

Rn

Mean 8.2 2.2 4.2 7.4 10.5 12.8 14.9 14.9 12.6 9.1 5.3 2.6 1.7

(MJ m−2 d−1)

SD 0.17 0.09 0.20 0.50 0.58 0.82 0.82 0.60 0.70 0.30 0.28 0.11 0.15
Trend yr−1 0.009 0.000 0.007 0.005 0.018 0.012 0.017 0.033 0.028 0.007 0.002 0.001 −0.003
MK-test 2.18 0.34 1.80 0.54 1.29 0.63 1.16 2.45 3.18 0.80 0.21 0.25 0.86
p 0.03 0.73 0.07 0.59 0.20 0.53 0.25 0.01 0.00 0.42 0.83 0.80 0.39

are being applied. The analysis of possible regional climate
changes over Europe, simulated by 10 regional climate mod-
els within PRUDENCE context, has indicated that PROMES
(Jacob et al., 2007) is one of the best models adapted to the
Iberian Peninsula, showing similar tendencies obtained by
this study.

In Spain for the period between 1973 and 2005, the trends
of theTmax were significant for spring and summer with val-
ues of 0.082 and 0.073◦C per year, respectively. TheTmin be-
haved in a similar way with trends of 0.066◦C yr−1 for spring
and 0.062◦C yr−1 for summer (Brunet et al., 2007). At the
regional level in the Spanish Northeast, for the period 1975–
2004, Mart́ınez et al. (2010) showed values similar to those
obtained in this study, with a higher trend ofTmax andTmin
for spring and summer (0.8–0.9◦C decade−1) with respect to
the annualTmax andTmin trend (0.5◦C decade−1). When we
consider other periods of earlier temporal series, these sea-
sonal differences are not detected (Brunet et al., 2007; Del
Rio et al., 2007).

There is not much information with relation to trends in
relative humidity and dew point temperature (Td). In more
humid regionsTd is very close toTmin. Table 1 shows how
Td are very close toTmin. This difference becomes much
greater in the summer months when the relative humidities
are lower than in other months. These months (July, August,
and September) with the maximum difference betweenTmin
andTd are when the significant negative trends are observed

at the≥95 % level with inclines between−0.06◦C yr−1 and
−0.08◦C yr−1. Authors such as Robinson (2000) showed
Td trends of +0.01◦C per year for the USA for the period
from 1951 to 1990, although these trends were reduced in
the summer. According to Trenberth et al. (2007), the global
trends in specific humidity have values ofe 0.06 g kg−1 per
decade (1976–2004), which assumes a ratio of an increase of
4.3 % per 1◦C, suggesting a modest reduction in relative hu-
midity as temperatures increase, as expected in water-limited
regions. Moratiel et al. (2010) showed negative trends of rel-
ative humidity for the Duero River Basin with decreases of
0.5 % per decade in maximum relative humidity and of 1.6 %
in minimum relative humidity. These declines in the relative
humidities will cause decreases inTd.

Table 1 displays trends in relation to the wind veloc-
ity variable, with positive trends in all months. Low-level
studies show a tendency towards higher wind speed (Car-
nell et al., 1996). According to Christensen et al. (2007),
there will be increases in the southern part of Europe of
no more than 5 %. The annual wind velocity increase is
of 0.017 m s−1 per year which shows a trend very similar
to that reported by Thomas et al. (2008) with increases of
0.02 m s−1 per year. The months that represented signifi-
cant differences were August and November, also showing
greater trends with increases of 0.027 m s−1 and 0.040 m s−1

per year, respectively.
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Table 1 shows a positive trend of net radiation of
0.009 MJ m−1 day−1 with significant differences at the an-
nual level. All months showed positive trends except De-
cember. July and August are the months with significant dif-
ferences in these trends. With relation to the trends of solar
radiation, there are studies that report a negative trend (“dim-
ming”) with decreases of 7 W m−2 per decade for the pe-
riod 1961–1990 with observation around the world (Liepert,
2002). Negative trends in China were observed by Ren et
al. (2005) and in the Mediterranean by Omran (2000). Re-
cent studies show that there is a positive trend for periods
after the 80s (Wild et al., 2005) with increments on a global
level of 0.16 W m−2 (Pinker et al., 2005). Positive trends for
years after the 1980s were also detected for Spain (Sanchez-
Lorenzo et al., 2009). These same trends were detected in our
study in an indirect way throughRn for the period between
1980–2009.

3.2 Scenarios obtained

The scenarios given for the estimation of the future situa-
tion of the ETo 50 yr from now were done considering those
climatic variables (Table 1) that showed significant differ-
ences in trends at the 95 % level through the statistical test
of the Mann-Kendall equation. These scenarios were done
on an annual and monthly basis with different concentra-
tions of CO2: current (372 ppm) and future (50 ppm). Sce-
nario 1 considers annual trends with current CO2 concentra-
tions; Scenario 2 considers annual trends with future concen-
trations of CO2; Scenario 3, the monthly trends with current
CO2 concentrations; and Scenario 4, the monthly trends with
future CO2 concentrations (Table 2).

3.3 Future evapotranspiration

Table 3 shows the reference evapotranspiration (ETo) by
year, using 2007 as the base year and the increases of the
same for the different scenarios. The average annual ETo is
of 1042 mm, below the annual average of Spain (1196 mm)
for this year (Moratiel et al., 2010). The minimum values
of ETo are found in December (18.6 mm) which represents
1.8 % of the annual ETo, while the maximum values are
found in the month of July (179.1 mm) with 17.2 % of the
annual ETo. Considering the ETo of the months of May,
June, July, August and September, this makes up 68 % of
the annual ETo; these months also only account for 33 %
of the annual precipitation (Ceballos et al., 2004). In the
four scenarios given, there is an annual ETo increment with
percentages from 11 % in Scenario 3 to 5 % in Scenario 2.
The trends shown in the ETo increases are of 2, 1.1, 2.3 and
1.4 mm yr−1 for scenarios 1, 2, 3 and 4 respectively. Au-
thors such as Donohue et al. (2010) showed decreases in ETo
for Australia of 0.8 mm· yr−1, principally due to the nega-
tive trends in wind velocity and net radiation. The increase
in ETo in the scenarios with a greater concentration of CO2
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Fig 2. a, Annual ET  (mm) for reference year 2007 and increases (ΔET , mm) by 50 

years according to Scenarios 1, 2, 3 and 4. 
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Fig. 2. (a)Annual ETo (mm) for reference year 2007 and increases
(1ETo, mm) by 50 yr according to scenarios 1, 2, 3 and 4.

(scenarios 2 and 4) is lower than in the scenarios with a lower
concentration of CO2 (scenarios 1 and 3). In Table 3 we see
how the increase of CO2 from 372 ppm to 550 ppm creates
a reduction of the ETo increment by half (Scenario 1 versus
Scenario 2 and Scenario 3 versus Scenario 4).

Various authors showed that the evapotranspiration trends
as a response to climate change would be found within a
range of increases between 10 % and 20 %. Since the end of
the 1980’s, Martin et al. (1989) and Rosenberg et al. (1989)
reported increases of 17 % with an air temperature increase
of 3◦C based on measurements taken during summer in
northeastern Kansas, with temperatures ranging between 24
and 35◦C. In agreement with the studies done in California
by Anderson et al. (2008) with an air temperature increase
of 3◦C causing an ETo increment of 18.7 %, these authors
show that if the CO2 concentration increases this percent-
age diminishes. Goyal (2004) in the region of Rajasthan, In-
dia reported that reference evapotranspiration increments of
12.7 % can happen with air temperature increments of 1 %.
All these authors show that small changes in the climatic
variables can have important consequences in arid climates
where the scarcity of water is a grave problem.

Moratiel et al. (2010) shows ETo increments between 7 %
and 36 % for Spain at the end of the twenty-first century.
These increases are slightly higher to those reported in this
study. Moratiel et al. (2010) used 100 instead of 50 yr period.
In addition, these authors only considered the variations in air
temperature and relative humidity.

ETo is used mainly to calculate the irrigation needs of a
specific crop (ETc). ETc is often estimated by multiply-
ing the reference crop evapotranspiration (ETo) by a crop
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Table 2. Scenarios generated in the Basin according to the trends of the climate variables obtained in Table 1.rc surface resistance as a
consequence of the CO2 increase from 372 ppm (rc = 70) to 550 ppm (rc = 87).

Scenarios Period Tmax Tmin Td U Rn rc
(◦C) (◦C) (◦C) (m s−1) (MJ m2 d−1) (s m−1)

1 Yearly 0.030 0.030 0 0 0.009 70

2 Yearly 0.030 0.030 0 0 0.009 87

3 Monthly 1 0 0 0 0 0 70
2 0 0 0 0 0 70
3 0 0 0 0 0 70
4 0 0 0 0 0 70
5 0.115 0.08 0 0 0 70
6 0.13 0.094 0 0 0 70
7 0 0 −0.071 0 0.033 70
8 0 0 −0.064 0.027 0.028 70
9 0 0 −0.08 0 0 70

10 0 0 0 0 0 70
11 0 0 0 0.04 0 70
12 0 0 0 0 0 70

4 Monthly 1 0 0 0 0 0 87
2 0 0 0 0 0 87
3 0 0 0 0 0 87
4 0 0 0 0 0 87
5 0.115 0.08 0 0 0 87
6 0.13 0.094 0 0 0 87
7 0 0 −0.071 0 0.033 87
8 0 0 −0.064 0.027 0.028 87
9 0 0 −0.08 0 0 87

10 0 0 0 0 0 87
11 0 0 0 0.04 0 87
12 0 0 0 0 0 87

Table 3. Mean monthly reference evapotranspiration (ETo, mm) and increments (1ETo) of the four scenarios according to Table 2. Data
are based on 38 stations using the reference year of 2007.

Month ETo
1ETo

(mm)
Scenario 1 Scenario 2 Scenario 3 Scenario 4

(mm) (%) (mm) (%) (mm) (%) (mm) (%)

Jan 20.8 5.1 25 3.8 18 0.0 0 −1.1 −5
Feb 39.0 8.3 21 5.1 13 0.0 0 −2.6 −7
Mar 70.7 9.7 14 4.9 7 0.0 0 −4.3 −6
Apr 92.4 9.3 10 5.0 5 0.0 0 −4.1 −4
May 120.6 11.7 10 5.7 5 34.9 28.9 28.4 24
Jun 144.5 11.0 8 5.4 4 36.0 24.9 30.1 21
Jul 179.1 11.2 6 4.8 3 16.9 9.5 10.0 6
Aug 153.4 11.0 7 4.9 3 44.5 29.0 33.2 22
Sep 110.7 8.8 8 4.6 4 −35.4 −32.0 −35.5 −32
Oct 57.4 6.3 11 4.3 8 0.0 0 −1.9 −3
Nov 34.6 5.3 15 3.5 10 21.5 62.1 17.2 50
Dec 18.6 4.2 23 3.1 17 0.0 0.2 −0.9 −4.8
Anual 1042 101.9 10 54.9 5 118.4 11 68.5 7
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coefficient (Kc): ETc =Kc × ETo (Allen et al., 1998). From
the cultivation point of view, it is important to consider the
possible changes in ETo in different months of the year. In
Spain the irrigated crops usually develop during the spring
and summer months; during these months the maximum crop
water needs to coincide with the periods of least rain. In Ta-
ble 3, scenarios 1 and 2 (annual changes in the variables),
scenarios 3 and 4 (monthly changes in the variables) obtain
very similar annual values, but the ETo distribution changes
over the months. Considering the annual variations of the
climatic variables, the monthly ETo increments during the
summer months are of 3–8 %. If we consider the monthly
changes in the variables, we obtain increments for the sum-
mer months of about 20 %. For the month of September there
is an ETo decrease as a consequence of the reduction in wind
velocity (Table 2). Considering the most probable future sce-
nario (Scenario 4), we can see that the needs of the crops
during the months of May, June, July and August will be
18 % more (with aKc equal to one and without surface re-
sistance variations of the crops with the CO2 increase). Ac-
cording to Supit et al. (2010), trends in annual crop (wheat)
water use in Europe are decreasing and can be explained by
a shorter growing season as a result of the higher tempera-
tures. In a shorter growing season less water is needed. Rad-
datz (2003) also cited the possibility of pushing forward the
wheat sowing dates in Canada due to climate warming. In
Spain, Guarẽna et al. (2001) carried out experiments on win-
ter wheat (Tritucum aestivumL.), winter barley (Hordeum
vulgareL.) and Maize (Zea maysL.). They reported that re-
ductions in the air temperature during the winter and early
spring accelerate the development of the crops, reducing the
length of their growth cycle.

Figure 2 represents the ETo increments created in the
River Basin according to the different scenarios. For the
reference year (2007), the average ETo of the basin is
1042 mm with values around 900 mm in the northern zone
and 1200 mm in the east and central zone of the basin
(Fig. 2a). For Scenario 1, Fig. 2 shows that the greater ETo
increments are found in the areas with the highest wind ve-
locities. This effect of the wind on the ETo increments in fu-
ture situations as a consequence of climate change was also
detected by Moratiel et al. (2010) and Donohue et al. (2010).

With an increase in CO2 concentration this effect is less-
ened (Snyder et al., 2010), and the windiest areas cause
smaller ETo increments compared to the situation without
CO2, since increased CO2 increases the factor 0.34 that ac-
companies wind speed in the denominator of Eq. (1) (Fig. 2).
When the simulations are run by month (scenarios 3 and 4)
the area with the greatest ETo increase is the western zone
(Fig. 2). In scenarios 3 and 4 the most affected areas change
with respect to the situation in scenarios 1 and 2, which is
due to the fact that the months in which there are changes
in climate variables for these scenarios (May to August) the
western and southern parts of the basin have higher ETo.
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Fig. 3. a, August ET  (mm) for reference year 2007 and increases (ΔET , mm) by 50 
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Fig. 3. (a)August ETo (mm) for reference year 2007 and increases
(1ETo, mm) by 50 yr according to scenarios 1, 2, 3 and 4.

Keeping in mind that the Duero basin has a dry period of 2
to 5 months (Ceballos et al., 2004) and that the driest months
are those which coincide with the maximum ETo needs of
the crops (July and August), these months present the high-
est water deficit in the river basin, with the lowest rainfall
and highest temperatures. Therefore, the crops’ water need
is supplied by irrigation. Maize, alfalfa and sugar beet are
the most demanding crops during these months. The estima-
tion of the future ETo for these months is very important for
the management of the basin’s water. Figure 3 shows the dif-
ference in evapotranspiration for August that exists between
between the different scenarios. If we only consider annual
increases (scenarios 1 and 2), we observed like the ETo in-
crements in the basin values of 10 mm and 6 mm respectively.
The monthly trends are found to be around 46 and 36 mm for
scenarios 3 and 4, respectively. This shows that in the months
of maximum crop water needs, the ETo is 5–6 times greater
if monthly variations, as opposed to annual variations, are
considered. As in Fig. 2 the situation with increased CO2
diminishes the ETo increment.

4 Conclusions

The expected climate changes according to the applied sce-
narios in the Duero Basin will cause an increase in ETo be-
tween 11 % (118 mm) and 5 % (55 mm) in the next 50 yr
as compared the to current situation. This annual ETo in-
crease does not vary much, taking into account the an-
nual or monthly trends, although the distribution during
the months of these increments are totally different. The
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trends of the climatic variables that intervene in evapo-
transpiration have only been significant forTmax andTmin,
both with increases of 0.3◦C per decade, and net radia-
tion with an increase of 0.09 MJ m−2 d−1 per decade for
the period 1980–2009. The months most affected by cli-
mate change regarding ETo are May, June, July, August
and September, months which coincide with the greatest
demand for water for crop irrigation in the basin. During
May and June, there are significant incrementsTmax incre-
ments of +0.115◦C yr−1 and 0.13◦C yr−1, respectively.Tmin
showed a positive trend of 0.08◦C yr−1 and 0.094◦C yr−1

for May and June, respectively.Td only changed dur-
ing the months of July, August and September with trends
of −0.71◦C yr−1, −0.064◦C yr−1 and −0.08◦C yr−1 re-
spectively. The wind velocity varied significantly in the
months of August and November with values of 0.027 and
0.04 m s−1 yr−1, respectively, and net radiation showed sig-
nificant trends for the months of July and August of 0.033
and 0.028 MJ m−2 d−1 per yr−1, respectively. The months
of May, June, and August showed monthly ETo increments
around 25 %, while September showed decrements around
32 %. The CO2 increase from 372 ppm to 550 ppm would
cause a maximum drop of about 50 % of the ETo increment
with respect to the same future situation. The part of the
basin most affected by these increases will be the western
area. It is necessary to know how the crops will behave un-
der these new circumstances, as, although the ETo, will in-
crease, it is possible that the crop cycles will shorten, which
would reduce water comsumption.. The effect potential of
adaptations such as cultivar change or shift of C3 to more C4
crops, change of planting dates, altered water conservation
practices, change to drought-tolerant crop varieties among
other possibilities is necessary to consider, too.
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Barcelona, 814 pp., 1967 (in Spanish).

Liepert, B. G.: Observed reductions of surface solar radiation at
sites in the United States and worldwide from 1961 to 1990, Geo-
phys. Res. Lett., 29, 1421,doi:10.1029/2002GL014910, 2002.

Long, S. P., Ainsworth, E. A., Rogers, A., and Ort, D. R.: Rising at-
mospheric Carbon Dioxide: Plants FACE the future, Annu. Rev.
Plant. Biol., 55, 591–628, 2004.

Lugina, K. M., Groisman, Vinnikov, K. Y., Koknaeva, V. V., and
Speranskaya, N. A.: Monthly surface air temperature time se-

ries area-averaged over the 30-degree latitudinal belts of the
globe, 1881–2006, in: Trends: A Compendium of Data on
Global Change. Carbon Dioxide Information Analysis Center,
Oak Ridge National Laboratory, US Department of Energy, Oak
Ridge, TN, USA, available at:http://cdiac.esd.ornl.gov/trends/
temp/lugina/lugina.html(last access: 16 October 2010), 2007.

MARM: Ministerio de Medio Ambiente Medio Rural y Marino.
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