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Abstract. The impact of climate change and its relation speed, radiation, air temperature and air humidity affect the
with evapotranspiration was evaluated in the Duero Rivercrop water requirements. Global warming, due to the en-
Basin (Spain). The study shows possible future situationshanced greenhouse effect, is generating changes in climatic
50yr from now from the reference evapotranspirationdET variables such as temperature, absolute humidity, solar radi-
The maximum temperaturefifsy), minimum temperature ation and precipitation (IPCC, 2007).

(Twmin), dew point (), wind speed/) and net radiationk,) Under the A1B scenario, the annual mean warming from
trends during the 1980-2009 period were obtained and ex1980-1999 to 2080-2099 varies from 2@ to 5.1°C in
trapolated with the FAO-56 Penman-Montheith equation toSouthern Europe and the Mediterranean region (Christensen
estimate E}. Changes in stomatal resistance in responseet al., 2007). According to &sanen et al. (2004), future

to increases in C®were also considered. Four scenarios warming will be greatest during northern Europe’s winters
were done, taking the concentration of £énd the period and southern Europe’s summers. In the Northern Hemi-
analyzed (annual or monthly) into consideration. The sce-sphere, the air temperature will increase by’ @®er decade
narios studied showed the changes in)&$ a consequence from 1979 through 2005 (Hansen et al., 2001; Smith and
of the annual and monthly trends in the varialigsx, Tmin, Reynolds, 2005; Brohan et al., 2006; Lugina et al., 2007).
Ty, U and Ry with current and future C®concentrations In Spain the annual daily means temperatures have increased
(372 ppm and 550 ppm). The future E¥howed increases by 0.48°C per decade from 1973 through 2005 (Brunet et
between 118 mm (11 %) and 55 mm (5 %) with respect to theal., 2007). According to Ceballos-Barbancho et al. (2008),
current situation of the river basin at 1042 mm. The monthsthe Duero river basin has a clear trend towards higher tem-
most affected by climate change are May, June, July, Augusperatures with a mean increase of (>68lecade’ between

and September, which also coincide with the maximum wa-1973 and 2005.

ter needs of the basin’s crops. 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
1 Introduction area (Omran, 2000). Alpert et al. (2005) reported that these

o reductions can be related to increased urbanisation, anthro-
The combination of two separate processes, where water iogenic aerosol concentration and cloud change (Liepert,
lost from the soil surface and from surface leaves by evaporapsnp2). Other authors reported positive global trends in re-

tion and from crops by transpiration, is referred to as evapogent studies. Wild et al. (2005) showed that from 1990 on-
transpiration (ET). Climatic parameters such as rainfall, Wlndwards, 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-
Correspondence tdR. Moratiel 0 .
(ruben.moratiel@upm.es) 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 ¢ kzer g é
decade (Trenberth, 2007). Moratiel et al. (2010) observed % :*‘““Jiﬁszg_fj &
negative trends in relative humidity for Spain with a decrease il -
of 1.1 % per decade of maximum relative humidity and 1.2 % = d y- o
per decade for minimum relative humidity. t Uz
There is scarce literature about changes in wind speed in ;- A /
present and future in Europe with low agreement in the con- Y }iﬁmf/ STy
clusions. According to Christensen et al. (2007), changes in A e i
wind speed in Spain will remain close to zero, with negative bady B2 ap
values in the Northeast (decrements of 5 %), and positive val- N . '.
ues in the Northwest and South (increments of 5 %). g v P
Climate Change could potentially affect ET due to changes ; . ' T
in air temperature, humidity, wind speed, and effects on B

cloudiness and atmospheric turbidity which affect net radia-
t'on-.The.'nC"easeS inthe concentration of G@so causere- fig. 1. Location of study area.(A) locations of meteorologi-
ductions in ET rates, due to the stomata closure which causeal stations used to calculate scenarios, points: stations with data
increases in canopy resistance (Long et al., 2004). for Maximum TemperatureTinax), Minimum temperatureTmin)

One common feature of regional climate change scenario$/aximum Relative Humidity (Rihax), Minimum Relative Humid-
is their anticipation of drier summers over continental Europeity (RHmin), Wind Speed {). Triangle: station with Global Ra-
(Giorgi et al., 2001; Rowell and Jones, 2006). Along with diation data.(B) locations of agrometeorological stations used to
the resulting higher surface heating, drier weather could lead'Mmulate scenarios.
to more water stress and higher demand for water resources
(Fink et al., 2004). According to Supit et al. (2010), in var- ) o _ )
ious European regions the decreasing water requirement dititude (700ma.s.l.), with two distinct parts: one mountain-
the annual crops can be attributed to a shorter growing sed2US and the other a prairie region in its central zone. The ring
son as a result of increasing temperatures in spring. In sam@f mountains that surrounds the basin has the greatest rain in-
areas of Europe (France and Spain) a reduction of the evapd€nSity. The central zone is much drier, but contains the great-
rative demand as a result of the diminishing global radiation®St aquifer formations, and this is the most important area
has been observed, mainly during summer and autumn foPf @gricultural production. The volume of average annual
the 1976-2005 period. This can explain the decreasing watdfr€cipitation in all the Duero basin is around 50 00Ghm

requirement for some annual crop such as sugar beets (Sugf Which the majority (35000 h evaporates or is used di-
etal., 2010). rectly by the vegetation. The remaining 5000%tnnstitutes

The aim of this study was to estimate the change in ref.the total natural runoff, which flows through surface channels

erence evapotranspiration (ETat the Duero river basin  © into the groundwater network though the aquifers. The
(Spain) 50yr from now using a standardized Penman-Predominant climate is Mediterranean with summer drought

Monteith ET, equation. The changes in temperature deWconditions which affect 90 % of the surface of the basin.

point, radiation, wind speed and change in canopy resistancghe average _annua! temperature |s°(DZa}nd t_he a\{e_rage
were evaluated. annual precipitation is 618 mm (ConfedeaciHidrog@fica

del Duero, 2008). Considering the threshold of 30 mm in
the definition of the dry month (Lautensach, 1967), the dry

2 Materials and method periods inside the basin fluctuate between 2 and 5 months
(Ceballos et al., 2004).
2.1 Study area: Duero river basin Barley Hordeum vulgare..) is the most important crop

in the River Basin with an extension 1 300 000 ha followed
The hydrographic Duero basin is bi-national, and of its by wheat {riticum eaestivuni.) with a 700000 ha. Both
97 713 knt surface area, 81 % (79 147 Kimis Spanish ter-  crops represent 38 % and 34 % , respectively, of the National
ritory, and the remaining 19 % (18565 Rjnis Portuguese  crop surface (MARM, 2010), being considered unirrigated
territory (Confederaéin Hidrogéfica del Duero, 2008). The crops, even 10 % of the area is irrigated. Of grain legume
Duero river basin is located in Spain between the meridiansrops, the most important are peRigum sativuni.) and
7°4' W and 1°50 W and the parallels 4%’ N and 4010 N vetch {icia satival.) with 10% irrigated area and with
(Fig. 1). The Duero basin coincides almost exactly with what55 % of the National crop surface. Sunflowétefianthus
is called the Submeseta Norte, a territory of elevated averagannuusL.) occupies 200000 ha in the river basin, mainly
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unrrigated and representing 30 % of the National sunfloweithe period between 1980-2009. These trends were calculated
crop area. Among irrigated crops are maiZed mayd..), on a yearly and monthly basis. Subsequently, the Mann-
alfalfa (Medicago sativa..) and sugar beetBeta vulgaris  Kendall test was used for this study to determine whether
L. var. sachariferd occupy 100000, 64 000 and 35000 ha , there was a statistically significant trend. The daily data
respectively, representing 30 %, 30% and 67 % of each Nafor 2007 were used to calculate reference evapotranspira-
tional crop area. Vine\{tis viniferalL.) shows 72000 ha and tion (ET,), estimated using the Penman-Monteith equation
unirrigated, more than 90 %. (Allen et al., 1998, 2006):

0.408A (Rn— G) + ¥ 7952 (es — €a)
A+ y (14 0.34uy)

2.2 Climate data

@)

o=

The climatological data were divided in two groups: thoseWhere ET, is reference evapotranspiration (mm day, Ry

s o ety once o et scarancs, o o o e (43, o
whi : 10S Were simu ' heat flux density (MJ m? day 1), T is mean daily air tem-

8 complete stations of meteorological networks (AEMET, perature at 2 m heightC), uz is wind speed at 2m height

2010) were utilized during the period 1980-2009. In these, ~ 3 : . :
stations, the variables observed were maximum and mini-(ms ), es is the saturation vapour pressure (kRa)is the

. o o . actual vapour pressure (kPaj, is the slope of the satura-
mum temperature, maximum and minimum humidities, wind P P (kPay P

o ; ion vapour pressure curve (kP@-1) andy is psychromet-
speed an_d _solar global radiation (F|g: la).. For _the case 0}ic constant (kPaC—1). Equation (1) applies specifically to
solar radiation, as there was no station with this series o

data, we used a station outside of the Duero River Basin less hypothetical crop with an assumed height of 0.12 m having

o . surface resistance of 70 sfnand an albedo of 0.23.
than 70 k_m away. Net_ radiation was obt_amed by means Otg The increase of C@provokes the stomata closure and di-
solar radiation according to the expressions used by Alle

"minishes the ET rates (Long et al., 2004). This increment af-

et a.l' (1998). The S|mulat!ons were not done for the SaM&octs the ET in the term of 0.34, denominator of the Eq. (1).
stations where the scenarios were obtained because for thrane 0.34 comes from the following:

majority of stations, the necessary sensors for the calcula-
tions of daily ET, were not available. Moreover, the num- 7c 70
ber of these is very small for the entire Basin. Simula- r; 208/u2
tions were applied to daily data from 38 stations (Fig. 1b)

of agro-meteorological networks (SIAR, Sistema de infor- Whererg is a surface resistance (S#) andr, is a aerody-
macbn para el Regdd). Each station included the mea- Namic resistance (sm/uz).

surements of: solar global radiation (pyranometer SKYE Therc=70 snr* was derived by estimating the typical
SP1110), air temperaturdy) and relative humidity (RH; Stomatal resistances=100 snt? for the actively transpir-
Vaisala HMP45C), wind speed/{j and wind direction (RM ing Cs grass leaf surface, which was estimated as half of the
YOUNG 05103 anemometer and W|nd Vane) and precipita_LAl =2.88. Therefore, the 0.12m ta” gI’aIS;SNaS Ca|CU|ated
tion (ARG100 rain gauge). The sensors were periodicallyas (Allen et al., 1998):
maintained and calibrated, and all data were recorded and rs 100s nt
averaged hourly on a data logger (Campbell CR10X). Ther¢= =
agrometeorological network SIAR was created in 1998 and 0.5x LAl 0.5x2.88
has been widened in subsequent years, becoming completely Assuming that the=69~70snT! applies under the
established in 2001 (MARM, 2010). 2007 was used as acurrent 372 ppm atmospheric G@oncentration, estimating
base year to run the simulations, as in this year there was newr¢ value for higher CQ provides a method to estimate
the least fluctuation with respect to the reference period ofpossible impacts of higher G@n ET,. Note that the canopy
1971-2000, as well as smaller deviations from the averageonductance corresponding to 69 shis 14.4 mms?.
temperature of the years from 2001 to 2008. The mean tem- The current global C®concentration is about 372 ppm
perature for 2007 was P&, four tenths of a degree higher and it is projected to reach about 550 ppm by 2050 and
than for the reference period. These deviations in winter andnore than 700 ppm by 2100 (Prentice et al., 2001). For
spring were positive, while in summer and autumn they wereScenario A2, the atmospheric @@oncentrations simulated
insignificant (AEMET, 2010). The daily data for 2007 were by models will range between 730 and 1020 ppm by 2100

~ 0.34uz )

=69~70sm* ©)

downloaded from networks for calculating E£T (Meehl, 2007). Long et al. (2004) observed decreased stom-
ata conductance by 20 % average for C3 plants grown in el-
2.3 Calculations evated CQ concentration (about 550 ppm) in FACE (Free-

Air CO; Enrichment), based on more than 200 indepen-
We calculated the annual linear trends of the variables ofdent measurements. This decrease of stomatal conductance
maximum temperaturéf,ax), minimum temperaturelfyin), was observed for 28 species (Drake et al., 1997). Consider-
dew point (y), wind speed¥) and net radiationg,) during ing this is true for the stomatal conductance of 0.12m tall
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Cs species of grass with a canopy resistance of 695m 5.75+0.6°C, showing the maximum value in the month
the stomatal conductance fog @rass should decrease from of August (13.6£1.17°C) and the minimum in January
about 14.4mms! to 11.4mms?t, which corresponds to (—0.5°C41.17). The dew point is seen to be similar to
rs=125snTl. Using the same approach to calculaten the minimum temperature with the same behavior in rela-
the ET, equation (Allen et al., 1998), the for 550 ppm is  tion to the months with the maximum and minimum. The

calculated as: wind velocities and the net radiation had annual values
. 1755t of 3.05£0.35ms?! and 8.19£0.17 MJ nT2d~%, respec-
= S = ~87sm? 4) tively.
0.5x LAl 0.5x2.88 Annually, we observe a positive trend in the variables

For the reasons stated above, we can assume an increaBnax Imin, U and Ry although onlyTmax, Tmin and Rn show
ing CO, concentration from 372 to 550 ppm should increasesignificant trends at-95% level according to the Mann-

stomatal resistance from about 703hto about 87 s m?. Kendall test statistics. The dew point shows negative trends
Dew point temperaturel}) in °C is calculated using the although it does not present significant differences at the
expression (5): >95 % level. The trend Ofimaxand ofTyin is of 0.03°Cyr—1

for the period 1980-2009. The temperature increase that
Spain will suffer in the future will be in the range of G
and 0.7C per decade depending on the area; for the Duero

(%)

In(e,/0.6108
1_ (e, /0.6108 }

Ty= 2373 [ 17.27

_ Lr2t Basin, the increments dfinax are Tmin are of 0.52C and
wheree, is actual vapour pressure (kPa). 0.48 per decade, respectively, for the period 1973-2002
Four scenarios have been considered for the estimation qfvioratiel et al., 2010).
ETo 50 yr from now: Authors such as Brunet et al. (2007) observed tempera-

) o ) ture increases around 06 per decade for the period 1973—

— Scenario 1: annual trends of the climatic variables of ,qo5 studies in different regions of Spain have been done by
Tmax Tmin, T, Rn @ndU with annual concentrations of - \arious authors. Ramos et al. (2008) found trends of 0.5
CO; of 372 ppm. per decade in the Ebro River and Inner Catalonia basins for

_ Scenario 2: annual trends of the climatic variables of tN€ Period between 1967-2005. Del Rio et al. (2007) showed
Tonax Tmin Td, Ry andU with annual concentrations of lower trends than those of this study ffifax and_Tmin with
CO; of 550 ppm. values of_ 0.2C and O.IfC per decade, respectively, for the

Duero River Basin during 1961-1997. Nevertheless, when

— Scenario 3: monthly trends of the climatic variables of this series is compared with series for more recent periods,

Tmax Tmin, Td, Rn andU with annual concentrations of this trend increases (Brunet et al., 2007).
CO, of 372 ppm and In Table 1, we see that the monthly trendsZafax and
) o ] Tmin are very different, with positive trends observed in all

— Scenario 4: monthly trends of the climatic varlgbles of months except September, November, and December, which
Tmax Tmin, Td, Rn @ndU with annual concentrations of - h3ye negative trends. The months in which the trends of the
CO; of 550 ppm. Tmax and Trin presented significant differences at the level

S . . . .. >95% were May and June. For May we observed trends of
The estimation of EJ in the Duero River basin under dif- 0.115°CyrL and 0.08Cyr for Tmax and Tmin, respec-

e e =222 el whie o June sz of .1y for T and
PP P P 0.094°Cyr1 for Tmin. Christensen et al. (2007) showed

en Espéa). With the daily data of the 38 stations and the | . . : .
. . . higher positive trends in average temperature during the sum-
expression (1), the Elwas estimated for 2007, for different . .
mer months than for the winter months in the south of Eu-

simulations, and was represent(_ad as a map with the Surfer rope. According to Kjellstrostm et al. (2007), the range of
8 program by means of the Kriging method. change in daily maximum temperatures for June, July and
August (JJA) is between® and 9C and between 1C and
5°C for daily minimum in the Iberian Peninsula considering
ten regional climate model (RMC) with a future scenario pe-
3.1 Variable climate and trends riod (A2), 2071-2100. These authors observed that the dif-
ferences between models are larger for the extremes (max-
In Table 1, we see the description and trends of the climatidmum and minimum) than for mean temperatures. These
variables for the period 1980-2009. The maximum temper-models behave differently and there is no established way to
ature has an average annual value of #7®86°C, reaching tell which one represents the most probable version of the fu-
the maximum value in the month of July (29:01.32°C) ture (DeqLe et al., 2007). This is the reason why multimodel
and the minimum in January (7481.17°C). For the min-  ensamble analysis at European (Christensen and Chistensen,
imum temperature we obtained an average annual value d2007) and Spanish scale (Ruiz-Ramos and Miguez, 2010)

3 Results and discussion
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Table 1. Descriptive and conditional Mann-Kendall test (MK-test) statistics for variables Maximum Temper&#se, (Minimum Tem-
perature Tmin), Dew Point (), Wind Speed ), and Net RadiationKp) in stations in the Duero Basin for the period 1980-2009. The
numbers in bold indicate significant trends>&5 % level.

Variable Annual Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Mean 17.8 7.8 10.3 14.0 154 195 253 29.0 28.6 24.3 17.9 11.9 9.9
SD 0.60 1.17 1.85 1.88 197 228 229 1.32 1.43 1.95 2.03 161 0.95
Trmax (°C) Trendyrl 0030 0.014 0.048 0.043 0.0700.115 0.130 0.023 0.018 -0.040 0.014 -0.025 -0.029
MK-test 2.43 0.46 0.93 1.04 143 234 2091 0.79 0.50 -0.64 021 -054 -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
Mean 5.8 -0.5 0.0 2.0 3.6 70 1071 1291 13.0 10.3 6.8 2.7 0.6
SD 0.60 1.77 1.66 1.33 122 132 125 111 1.17 1.34 122 1.79 2.28
Tynin (°C) Trendyrl 0030 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 0.87 152 257 341 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
Mean 5.6 0.9 11 2.2 35 6.5 9.3 10.4 10.9 9.6 7.3 3.8 1.9
SD 0.49 1.41 1.73 1.37 123 117 0.88 1.06 1.03 1.32 1.04 1.64 1.97
T4 (°C) Trendyrl —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 -011 -0.14 057 164 004 -253 -253 -236 061 -125 -
p 0.24 0.41 0.92 0.89 0.57 010 0.97 0.01 0.01 0.02 0.54 0.21 0.35
Mean 3.0 2.8 2.9 3.4 3.6 34 3.1 3.1 2.9 2.7 2.8 2.7 3.3
SD 0.35 0.85 0.65 0.60 0.62 053 044 0.41 0.48 0.42 0.64 0.68 0.80
U(ms Trendyrl 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 1.55 111 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 0.71 093 0.17 0.09 0.01 0.07 0.38 0.01 0.32
Mean 8.2 2.2 4.2 7.4 105 12.8 149 14.9 12.6 9.1 5.3 2.6 1.7
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
Rn Trendyrl 0.009 0.000 0.007 0.005 0.018 0.012 0.0170.033 0.028 0.007 0.002 0.001 -0.003
MIm=2d-1) MK-test 2.18 0.34 1.80 0.54 129 063 116 2.45 3.18 0.80 0.21 0.25 0.86
p 0.03 0.73 0.07 0.59 0.20 053 0.25 0.01 0.00 0.42 0.83 0.80 0.39

are being applied. The analysis of possible regional climateat the>95 % level with inclines betweer0.06°C yr—1 and
changes over Europe, simulated by 10 regional climate mod—0.08°Cyr—1. Authors such as Robinson (2000) showed
els within PRUDENCE context, has indicated that PROMES Ty trends of +0.02C per year for the USA for the period
(Jacob et al., 2007) is one of the best models adapted to thigEom 1951 to 1990, although these trends were reduced in
Iberian Peninsula, showing similar tendencies obtained bythe summer. According to Trenberth et al. (2007), the global
this study. trends in specific humidity have values©0.06 gkg ! per

In Spain for the period between 1973 and 2005, the trendslecade (1976—2004), which assumes a ratio of an increase of
of the Tmax were significant for spring and summer with val- 4.3 % per PC, suggesting a modest reduction in relative hu-
ues of 0.082 and 0.0P& per year, respectively. THe,in be- midity as temperatures increase, as expected in water-limited
haved in a similar way with trends of 0.066 yr— for spring regions. Moratiel et al. (2010) showed negative trends of rel-
and 0.062Cyr~1 for summer (Brunet et al., 2007). At the ative humidity for the Duero River Basin with decreases of
regional level in the Spanish Northeast, for the period 1975-0.5 % per decade in maximum relative humidity and of 1.6 %
2004, Martnez et al. (2010) showed values similar to thosein minimum relative humidity. These declines in the relative
obtained in this study, with a higher trend Bfax and Tinin humidities will cause decreasesig.
for spring and summer (0.8—-€ decade?) with respect to Table 1 displays trends in relation to the wind veloc-
the annuallmax and Trin trend (0.5°C decadel). When we ity variable, with positive trends in all months. Low-level
consider other periods of earlier temporal series, these se&tudies show a tendency towards higher wind speed (Car-
sonal differences are not detected (Brunet et al., 2007; Dehell et al., 1996). According to Christensen et al. (2007),
Rio et al., 2007). there will be increases in the southern part of Europe of

There is not much information with relation to trends in no more than 5%. The annual wind velocity increase is
relative humidity and dew point temperatutB). In more  of 0.017ms?! per year which shows a trend very similar
humid regionsTy is very close talmin. Table 1 shows how to that reported by Thomas et al. (2008) with increases of
Ty are very close tdmin. This difference becomes much 0.02ms?! per year. The months that represented signifi-
greater in the summer months when the relative humiditiescant differences were August and November, also showing
are lower than in other months. These months (July, Augustgreater trends with increases of 0.027h and 0.040 mst
and September) with the maximum difference betwggi per year, respectively.
andTy are when the significant negative trends are observed
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Table 1 shows a positive trend of net radiation of
0.009 MJI nTlday 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- L
ferences in these trends. With relation to the trends of solar I
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1800 R. Moratiel et al.: Trends in climatic variables and future reference evapotranspiration in Duero Valley (Spain)
radiation, there are studies that report a negative trend (“dim-

ETo I - |
ming”) with decreases of 7Wnf per decade for the pe-

riod 1961-1990 with observation around the world (Liepert, I:: AET, I;:: AET,

2002). Negative trends in China were observed by Ren efg. i .

al. (2005) and in the Mediterranean by Omran (2000). Re- . - B ®
n

']

a

8

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 nT2 (Pinker et al., 2005). Positive trends for B Scenario 1
years after the 1980s were also detected for Spain (Sanche: ..
Lorenzo et al., 2009). These same trends were detected inot "= *
study in an indirect way througR,, for the period between
1980-2009. .

&

- Scenario 2

0
AET,

12
120

!
| y
% ’. >

s0
Scenario 3 .m Scenario 4

ETo

g 8 3 2

3.2 Scenarios obtained N

The scenarios given for the estimation of the fut.ure Sltua'Fig. 2. (@)Annual ETo (mm) for reference year 2007 and increases
tion of the ET, 50 yr from now were done considering those (AETo, mm) by 50yr according to scenarios 1, 2, 3 and 4.
climatic variables (Table 1) that showed significant differ-

ences in trends at the 95 % level through the statistical tes

. . scenarios 2 and 4) is lower than in the scenarios with a lower
of the Mann-Kendall equation. These scenarios were don . .
o . concentration of C@(scenarios 1 and 3). In Table 3 we see
on an annual and monthly basis with different concentra-

tions of CQ: current (372 ppm) and future (50 ppm). Sce- how the increase of COfrom 372 ppm to 550 ppm creates

nario 1 considers annual trends with current;@®ncentra- a reduc_tlon of the E(Tm_crement by half (Spenano 1 versus
Scenario 2 and Scenario 3 versus Scenario 4).

tions; Scenario 2 considers annual trends with future concen- i o
trations of CQ; Scenario 3, the monthly trends with current Various authors showed that the evapotranspiration trends

COy, concentrations; and Scenario 4, the monthly trends with®S & response to climate change would be found within a
future CQ concentrations (Table 2). 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

Table 3 shows the reference evapotranspirationo(Edy northeastern Kansas, with temperatures ranging between 24

year, using 2007 as the base year and the increases of tfahd 35°C. In agreement with. the studies done in Ca_llifornia
same for the different scenarios. The average annugi€T PY Anderson et al. (2008) with an air temperature increase

of 1042 mm, below the annual average of Spain (1196 mm)°f 3°C causing an EJincrement of 18.7 %, these authors
for this year (Moratiel et al., 2010). The minimum values SNOW that if the C@ concentration increases this percent-
of ET, are found in December (18.6 mm) which representsage diminishes. Goyal (2004) in the region of Rajasthan, In-
1.8% of the annual EJ while the maximum values are dia reported that reference evapotranspiration increments of
found in the month of July (179.1 mm) with 17.2% of the 12.7 % can happen with air temperature increments of 1 %.
annual EF. Considering the EJ of the months of May. All these authors show that small changes in the climatic
June, July, August and September, this makes up 68(,%) oyariables can have important consequences in arid climates
the annual EF; these months also only account for 33% Where the scarcity of water is a grave problem.

of the annual precipitation (Ceballos et al., 2004). In the Moratiel etal. (2010) shows Elincrements between 7 %
four scenarios given, there is an annuabBficrement with ~ and 36 % for Spain at the end of the twenty-first century.
percentages from 11 % in Scenario 3 to 5% in Scenario 2.These increases are slightly higher to those reported in this
The trends shown in the Elincreases are of 2, 1.1, 2.3 and Study. Moratiel et al. (2010) used 100 instead of 50 yr period.
1.4mmyr? for scenarios 1, 2, 3 and 4 respectively. Au- Inaddition, these authors only considered the variations in air
thors such as Donohue et al. (2010) showed decreasesin Etemperature and relative humidity.

for Australia of 0.8 mmyr—1, principally due to the nega- ET, is used mainly to calculate the irrigation needs of a
tive trends in wind velocity and net radiation. The increasespecific crop (ET). ET. is often estimated by multiply-

in ET, in the scenarios with a greater concentration ohCO ing the reference crop evapotranspiration {EDy a crop

3.3 Future evapotranspiration
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Table 2. Scenarios generated in the Basin according to the trends of the climate variables obtained in Falslarfhce resistance as a
consequence of the GGncrease from 372 ppm{ =70) to 550 ppmi = 87).

Scenarios  Period Tmax  Tmin T4 U Rn re
(°C) (C) (C) (mshH (MInPdhH (smh)
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 §Efm) and incrementsAETo) of the four scenarios according to Table 2. Data
are based on 38 stations using the reference year of 2007.

Month  ETo AETo
Scenario 1 Scenario 2 Scenario 3 Scenario 4
(mm)
(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 1445 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 3 445 29.0 33.2 22
Sep 110.7 8.8 8 4.6 4 -35.4 -32.0 -355 -32
Oct 57.4 6.3 11 4.3 8 0.0 0 -1.9 -3
Nov 34.6 5.3 15 35 10 215 62.1 17.2 50
Dec 18.6 4.2 23 3.1 17 0.0 0.2 —-09 -48
Anual 1042 101.9 10 54.9 5 118.4 11 68.5 7
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coefficient K¢): ET¢c= K¢ x ET, (Allen et al., 1998). From

the cultivation point of view, it is important to consider the ET“”

possible changes in ETin different months of the year. In gy = s

Spain the irrigated crops usually develop during the spring b

and summer months; during these months the maximum crop = %

water needs to coincide with the periods of least rain. In Ta- I“" a

ble 3, scenarios 1 and 2 (annual changes in the variables) *

scenarios 3 and 4 (monthly changes in the variables) obtair ke \ | e

very similar annual values, but the Eistribution changes ™« ‘s =

over the months. Considering the annual variations of the = e ' y c >
climatic variables, the monthly ETincrements during the - () l

summer months are of 3-8 %. If we consider the monthly o

changes in the variables, we obtain increments for the sum . scenario 1 M Scenario 2
mer months of about 20 %. For the month of September thereg.. B

is an ET, decrease as a consequence of the reduction in winc g . “ B . i

velocity (Table 2). Considering the most probable future sce- = N
nario (Scenario 4), we can see that the needs of the crop _* ’

during the months of May, June, July and August will be l? ”' - n

18 % more (with aK¢ equal to one and without surface re- = scenarios M, Scenario 4
sistance variations of the crops with the £i@crease). Ac-

cording to Supit et al. (2010), trends in annual crop (Wheat)Fig. 3. (@)August ETp (mm) for reference year 2007 and increases

water use in Europe are decreasing and can be explained QK e, mm) by 50 yr according to scenarios 1, 2, 3 and 4.
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  Keeping in mind that the Duero basin has a dry period of 2
wheat sowing dates in Canada due to climate warming. Ino 5 months (Ceballos et al., 2004) and that the driest months
Spain, Guarga et al. (2001) carried out experiments on win- gre those which coincide with the maximum £Efeeds of
ter wheat Tritucum aestivuni.), winter barley Hordeum  the crops (July and August), these months present the high-
vulgareL.) and Maize Zea mayd..). They reported thatre-  est water deficit in the river basin, with the lowest rainfall
ductions in the air temperature during the winter and earlyand highest temperatures. Therefore, the crops’ water need
spring accelerate the development of the crops, reducing thgs supplied by irrigation. Maize, alfalfa and sugar beet are
length of their growth cycle. the most demanding crops during these months. The estima-
Figure 2 represents the ETincrements created in the tion of the future ET, for these months is very important for
River Basin according to the different scenarios. For thethe management of the basin’s water. Figure 3 shows the dif-
reference year (2007), the average EGf the basin is  ference in evapotranspiration for August that exists between
1042 mm with values around 900 mm in the northern zonepetween the different scenarios. If we only consider annual
and 1200mm in the east and central zone of the basifncreases (scenarios 1 and 2), we observed like theieT
(Fig. 2a). For Scenario 1, Fig. 2 shows that the greatey ET crements in the basin values of 10 mm and 6 mm respectively.
increments are found in the areas with the highest wind Ve-The month|y trends are found to be around 46 and 36 mm for
locities. This effect of the wind on the BTncrements in fu-  scenarios 3 and 4, respectively. This shows that in the months
ture situations as a consequence of climate change was algff maximum crop water needs, the &i6 5-6 times greater
detected by Moratiel et al. (2010) and Donohue et al. (2010)if monthly variations, as opposed to annual variations, are

With an increase in C@concentration this effect is less- considered. As in Fig. 2 the situation with increased>CO
ened (Snyder et al., 2010), and the windiest areas caus@iminishes the EJincrement.

smaller ET increments compared to the situation without

COy, since increased CQncreases the factor 0.34 that ac-

companies wind speed in the denominator of Eq. (1) (Fig. 2)4 Conclusions

When the simulations are run by month (scenarios 3 and 4)

the area with the greatest ETnhcrease is the western zone The expected climate changes according to the applied sce-

(Fig. 2). In scenarios 3 and 4 the most affected areas changearios in the Duero Basin will cause an increase i Bé-

with respect to the situation in scenarios 1 and 2, which istween 11% (118 mm) and 5% (55mm) in the next 50yr

due to the fact that the months in which there are changess compared the to current situation. This annug EF

in climate variables for these scenarios (May to August) thecrease does not vary much, taking into account the an-

western and southern parts of the basin have highgr ET 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- Smith, M., Pereira, L. S., Raes, D., Perrier, A., Alves, |., Walter,
transpiration have only been significant fBfax and Trin, I, and Elliott, R.: A recommendation on standardized surface
both with increases of 0% per decade, and net radia-  resistance for hourly calculation of reference ETo by the FAO-56
tion with an increase of 0.09MJTAd ! per decade for Penman-Monteith method, Agr. Water Manage., 81, 1-22, 2006.
the period 1980-2009. The months most affected by cli-AIPer P., Kishcha, P., Kaufman, Y. J., and Schwarzbard, R.:
mate change regarding ETare May, June, July, August Global dimming or local dimming?, Effect of urbanization

. S . on sunlight availability, Geophys. Res. Lett.,, 32, L17802,
and September, months which coincide with the greatest doi:10.1029/2005GL02332@005.

demand for water for crop irrigation in the basin. During apqerson J. Chung, F., Anderson, M., Brekke, L., Easton, D.

May and June, there are significant incremehisx incre- Ejeta, M., Peterson, R., and Snyder, R.: Progress on incorpo-
ments of +0.118C yr—* and 0.13Cyr—*, respectivelyTimin rating climate change into management of California’s water re-
showed a positive trend of 0.08 yr—! and 0.094Cyr! sources, Climate Change, 87, S91-S166i;10.1007/510584-
for May and June, respectively.Ty only changed dur- 007-9353-12008.

ing the months of July, August and September with trendsBrohan, P., Kennedy, J. J., Harris, I., Tett, S. F. B., and Jones, P. D..
of —0.71°C yrl, —0.064°C yrl and —0.08°C yrl re- Uncertainty estimates in regional and global observed tempera-

spectively. The wind velocity varied significantly in the  turé changgs: a new dataset from 1850, J. Geophys.Res., 111,
months of August and November with values of 0.027 andB Dlzl&G’%o"10'1223/2295?080?528%)6;6\ iiar E.. Mob
0.04mstyr1, respectively, and net radiation showed sig- S'Unet: M-, Jones, P. D., SigrJ., Sala@, O., Aguilar, E., Moberg,

- A., Della-Marta, P. M., Lister, D., Walther, A., andopez,
nificant trends for the months of July and August of 0.033 D.. Temporal and spatial temperature variability and change

and 0.028MJm?d~* per yr?, respectively. The months ' Spain during 1850-2005, J. Geophys Res., 112, D12117,
of May, June, and August showed monthly Fhcrements d0i:10.1029/2006JD008242007.
around 25 %, while September showed decrements aroundarnell, R. E., Senoir, C. A., and Mitchell, J. F. B.: An assessment
32%. The CQ increase from 372 ppm to 550 ppm would  of measures of storminess: simulated changes in the northern
cause a maximum drop of about 50 % of they,EIcrement hemisphere winter due to increasing £CClim. Dynam., 12,
with respect to the same future situation. The part of the 467-476, 1996.
basin most affected by these increases will be the westerfeballos, A., Maiihez-Ferandez, J., and Luengo-Ugidos, M. A.:
area. It is necessary to know how the crops will behave un- Analaysis of rainfall trend and dry periods on a pluviometric gra-
der these new circumstances, as, although thg &l in- dien_t repres_entativ_e of Mediterranean climate in Duero Basin,
crease, it is possible that the crop cycles will shorten, which _ SPain. J. Arid. Environ., 58, 215-233, 2004.

! . ' Ceballos-Barbancho, A., Man-Tejeda, E., Luengo-Ugidos, M.
would reduce water comsumption.. The effect potential of

d . h i h hift of C3 ca A., and Lorente-Pinto, J. M.: Water resources and enviromen-
adaptations such as cultivar change or shift o to more tal changes a Mediterranean enviroment: The Routh-west sector

crops, change of planting dates, altered water conservation ¢ the Duero river basin (Spain), J. Hydrol., 351, 126-138, 2008.
practices, change to drought-tolerant crop varieties amonghristensen, J. H. and Christensen, O. B.: A summary of the PRU-
other possibilities is necessary to consider, too. DENCE model prejections af changes in European climate by
the end of this century, Climate Change, 81, 7-30, 2007.
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