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Abstract. In this study, Hargreaves’ formulation is consid- evaporation processes are extremely important in distributed
ered to be appropriate for the water and energy balance dtydrological modelling and often constitute the dominant hy-
a daily scale due to its simplicity of application once the drological process in terms of total amount in the water-mass
distributed values of temperature are available at cell scalebalance (Beven, 1979), especially in arid and semiarid zones
However, the coefficient of the Hargreaves equation must b&Vicente-Serrano et al., 2007). The response of the watershed
previously calibrated. The interplay of different factors at to an individual rain storm is scarcely affected by evaporation
different temporal scales became evident in the calibratiorprocesses during the storm, and, therefore, their influence is
process at the local scale of weather stations. The best fitsften disregarded. However, during periods between storm
against daily estimates by ASCE-PM were achieved wherevents, such losses are extremely important as they determine
differentiating between the wet and the dry season. For theéhe antecedent soil moisture content, prior to the next event
spatial distribution of Hargreaves coefficient at watershedand, therefore, the runoff generation capacitpifiez-Plaza
scale, a regionalization in the area around each weather sta&t al., 2001). Thus, distributed hydrological models that sim-
tion was proposed in terms of areas of influence. The bestilate continuously beyond the event scale should carefully
results at watershed scale were obtained after a spatial coconsider these water losses in a distributed manner as a com-
rection for alpine areas, when the average of the differencgonent of the water balance in the interstorm periods (Maneta
cell by cell between ASCE-PM and Hargreaves’s distributedet al., 2008).

daily estimates were 0.02 and 0.15 mmdéafor the wet and The application of the different formulations of the
the dry seasons, respectively. In all the cases, the best intePenman-Monteith combination equation (PM) for the com-
polation results were obtained using C-1 (calculate and interputation of evapotranspiration over a reference surface, ET
polate) procedures. has been extensively used worldwide (Allen et al., 1998; Gar-
cia et al., 2004). The PM equation presents two main advan-
tages over the rest: (1) it is physically-based and, therefore,
can be globally applied without any need to estimate addi-
tional parameters; (2) it is well documented, implemented in
Evapotranspiration, as a component of the soil water bal2 Wide range of software, and has been calibrated by means
ance, plays an important role in the environment at global Of varied lysimeters (Droogers and Allen, 2002). That is
regional and local scales. The calculation of evapotranspiWhy itis frequently cited as the preferred method for the cal-
ration is of major concern for regional management and ir-culation of ET, especially for calculations at short tempo-
rigation scheduling, reservoir operation studies, capacity of @l scales (Alexandris and Kerkides, 2003). Thus, the good
channel design, agricultural potential studies, effects of land©Sults obtained in many different studies at daily and even
use, changes in water bodies, etc. (Hargreaves and Allerligher scales is surprising considering that the combination

2003; Irmak et al., 2003; Maeda el at., 2010). Additionally, equation was theoretically derived for instantaneous values
of the variables involved (Allen et al., 2006). However, the

main drawback of this method is its great input data de-
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these variables are recorded hourly, or even daily, is limitedinvolved in the evapotranspiration process. Therefore, on the
in many areas of the globe (Irmak et al., 2003; Gaviét al.,  one hand, calibration and validation must be done at the lo-
2006). Despite the attempts of Allen et al. (1998) to estimatecal scale (Allen and Pruitt, 1986; Droogers and Allen, 2002;
solar radiation and humidity from other variables easier toMaeda et al., 2010). On the other hand, within the scope of
measure, it is difficult to obtain the required accuracy with- distributed hydrological modelling, evapotranspiration sur-
out modern electronic devices, especially those giving windfaces as inputs to the models need to be generated. How-
speed and air vapour pressure values. Moreover, the lack afver, in mountainous areas, where the monitoring network
reliable measurements in areas wherg EStimates are es- ineffectively covers the complex heterogeneity of the terrain,
pecially needed is very common (Allen and Pruitt, 1986; Liu simple geostatistical methods do not always provide a repre-
and Todini, 2002; Hargreaves and Allen, 2003; Maeda et al. sentative enough spatial interpolation of evapotranspiration
2010). These shortcomings in the application of the combi-estimates at weather stations, and a detailed study of the fea-
nation equation motivated the derivation of less demandingures that create strong local gradients must be applied (Her-
models in terms of input data such as the Hargreaves equaero et al., 2007; McVicar et al., 2007; Vicente-Serrano et al.,
tion, where only daily maximum and minimum temperature 2007; Aguilar et al., 2010). In this context, the application
values are required (Hargreaves et al., 1985); Jensen-Haisedd the Hargreaves equation requires an analysis of the spa-
method, which estimates Bs a function of the daily mean tial distribution of its parametercf;, known as Hargreaves
temperature and mean incident solar radiation (Irmak et al.coefficient).
2003); or the Blaney-Criddle formula that only requires tem-  Finally, since the implementation of evapotranspiration
perature and day length data (Allen and Pruitt, 1986). calculation in continuous hydrological modelling must in-

The Hargreaves method can be considered as a semc¢lude the different temporal scales representative of each
empirical approximation as it incorporates extraterrestrialindividual process involved (e.g. canopy evapotranspiration
radiation in combination with temperature as indicators ofand snowmelt at hourly scale, soil water loss immediately
global radiation, and the daily temperature range as an indiafter a rain storm at hourly scale, soil water loss in very dry
cator of humidity and cloudiness (Shuttelworth, 1993; Ste-periods at daily scale, etc.), further analyses should be carried
fano and Ferro, 1997). Cloudiness is inversely related to theout to include such scale effects.
temperature range, and the influence of relative humidity is The purpose of this study is to develop a spatio-temporal
also related to that range, as there is a linear relationship berocedure for the calibration of the Hargreaves equation in
tween both variables (Hargreaves and Samani, 1982). Acheterogeneous watersheds oriented towards the distributed
cording to Hargreaves, the incorporation of the temperaturéhydrological modelling. Thus, calibration by aggregation of
range in the equation compensates for the influence of advedTy at different time intervals is applied in order to consider
tion as it depends on the interaction of temperature, relativeahe influence of wet and dry periods within the year com-
humidity, vapour pressure and wind speed, all of them re-monly found in Mediterranean areas. Then, different spa-
lated to the temperature range (Hargreaves and Allen, 2003}ial interpolation procedures are tested according to the spa-
The calibration of this method with data from high quality tial distribution of the weather stations available in the study
lysimeters under a wide range of climatological conditions area.
demonstrated that the accuracy of the method was similar to As the PM equation can be considered as being the most
PM for ETg estimations at weekly and even longer time stepsphysically realistic model for the computation of evapotran-
(Hargreaves, 1994; Droogers and Allen, 2002). However, acspiration (Liu and Todini, 2002), it is proposed for the water
curate Ep estimations at a daily scale have been reported inand energy distributed balance at any time scale once input
the literature (Hargreaves and Allen, 2003). Thus, its usedatasets to the equation are available at cell scale. However,
has been recommended when there is a lack of reliable datdne Hargreaves formulation is proposed at a daily time scale
(Droogers and Allen, 2002; Jabloun and Sahli, 2008). Also,due to its simplicity of application once distributed values of
temperature can be reasonably interpolated in areas whetemperature have been generated and the Hargreaves coeffi-
measurements are scarce. Jensen et al. (1997) recommendgdnt (set to 0.0023 in the original equationy, in the fore-
the Hargreaves equation as the easiest and most accurate egoing, has been locally calibrated (Jabloun and Sahli, 2008).
pirical method at stations where standard reference condi- Special attention has been paid to the spatial dependence
tions are not present, when not all the variables required irof the intra-annual variability of the calibrated values as they
PM are measured, or in situations where measurements comre influenced by the location of the weather station in the
tain errors, especially concerning relative humidity data. watershed.

Nevertheless, the application of the Hargreaves formula in
arid zones must be done with caution as the thermal range
does not completely consider the aerodynamic terms {&arc
et al., 2004). In general, reference methods such as Har-
greaves, Blaney-Criddle, etc., present some degree of em-
piricism and do not include all the environmental processes
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Fig. 1. Study site location, and weather stations 601, 602, 603, 701, 702, 703, 802 and DEM of the Guadalfeo river watershed.

2 Material and methods The meteorological data used in this study consisted of
datasets from 11 November 2004 to 2 July 2010 of the
2.1 Study area and data sources variables involved in the equations provided by the three

] ) automatic stations of the Agroclimatic Information Net-
The study area is the Guadalfeo river watershed, Southy,, of Andalusia (RIA) available in the watershed (re-

ern Spain (Fig. 1), Where the high(_est altitudes in Spain Calterred to as 601, 602 and 603 in Fig. 1). This network
be found (3482m) with the coastline only 40km away, in records semi-hourly datasets of air temperature and relative
a 1300kmnd area, which results in the interaction between humidity (Vaisala HMP45A probe), solar radiation (Skye
semiarid Mediterranean and alpine climate conditions, with| |544rindod Wells SP1110 pyrano’meter) and wind speed
the regular presence of snow. The combination of these alti(RM Young 05103 wind monitor). In addition, datasets
tudinal gradients together with the large profusion of vegeta-gqrded at a weather station available from 2004 in Sierra
tion, landforms and soil types produces a complex mountainyeyada by the University of Granada Environmental flow
ous terrain with a variable hydrological behaviour. The main dynamics Research Group at an elevation of 2510 m were
part of the watershed, in terms of hydrology, is comprised Ofanalysed (802 in Fig. 1). Five minute datasets of air tem-
the southern hillside of Sierra Nevada, where global radiation, o ature and relative humidity (Vaisala HMP45C probe), so-
is high throughout the year d_ue to _its southe_rn orientation angz1r radiation (Kipp & Zonen SP-Lite pyranometer) and wind
lack of cloud cover, even during winter (Aguilar etlal., 2010)'_speed (RM Young 05103-45 wind monitor) were recorded in
Thus, a considerably high evaporative demand is present iation 802, Datasets from the four stations were retrieved
this part of the watershed througr;out the year (mean annual,g checked in order to assess integrity and quality of data
values of Ep close to 1000 mmyr). In addition, the pres- a4 .scaled at hourly scale datasets. Finally, daily datasets
ence of snow in the Northern area constitutes both a delayeflrom three stations of the Andalusian Alert and Phytosani-
water supply to the system as snowmelt, and an evaporatiog, |ntormation Network (RAIF) were available in the area
source under certain conditions (Herrero et al., 2009; Mil- (701, 702 and 703 in Fig. 1) including air temperature and
lares etal., 2009). __relative humidity (Vaisala HMP45A probe), solar radiation
The topographic input data are represented by a digiyskye Llandrindod Wells SP1110 pyranometer) and wind
tal elevation model (DEM) with a horizontal resolution of speed (RM Young 05103 wind monitor). Figure 1 shows the
30> 30m and 1m of vertical precision (Fig. 1). Remote gnatig| distribution of weather stations in the Guadalfeo river
sensing data available from Landsat-5 and Landsat-7 sate|yatershed, where the stations are named after the numbering
lites during the study period were used for the computationg,qe ysed by each network. The location of weather stations
of the albedo of the surface and interpolated for the whole,g yetermined by the aim of the network. RIA and RAIF were
time lapse on a daily basis (Aguilar et al., 2010). designed to provide coverage to most of the irrigated area in
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the region and to control phytosanitary aspects in crops, "®Table 1. Resistance coefficient values in ASCE-PM equation
spectively, and, therefore, their weather stations are strategigayilan et al., 2007).

cally located in areas of special agricultural interest. On the
contrary, weather stations from the University of Granada
Environmental flow dynamics Research Group, are located
in mountainous areas in order to solve the common lack of Cn 900 37 _ o
weather stations at high altitudes. All of them were installed Cq 0.34  0.24 (daytime)/0.96 (night time)
carefully considering the concrete location so that the sensors

were placed exposed but under proper conditions (protection,

orientation, height, etc.) within the station. I h uati  the eff q h in wind
The calibration process was carried out with datasets fronf OWS t € eva uation of the effects due to ¢ anges in win
speed, air temperature and vapour pressure deficit through-

11 November 2004 to 31 August 2008. Then, validation was

applied with datasets from 1 September 2008 to 2 July 201004 the day (e.g. Gawih et al., 2008). ASCE-PM equation

can be expressed as (e.g. ltenfisu et al., 2003; &aet al.,
2.2 Generation of distributed surfaces of 2007):
evapotranspiration ETASCE _ 0.408A (Ry — G) + ¥ 7+ Farg U2 (es — €a)
0 A+ y @A+ Cqup)

Daily Hourly

1)

To derive daily distributed surfaces of EWwhich were

consistent with the complex topography in the watershedwhere EFSCE is the reference evapotranspiration during
the following steps were followed: (1) PM equation was each time step (mmt~1); A the slope of the vapour
used to calculate Egrat stations 601, 602, 603 and 802, pressure-temperature-curve saturation calculated at mean
where detailed hourly meteorological datasets were availair temperature (kPaC™1); y the psychrometric constant
able. (2) These results were used as reference values fgkPa°C™1); R, andG, the net radiation and soil heat fluxes,
the local calibration of Hargreaves equation at each stationtespectively, both in mm t~1 water equivalentg, andes

(3) Then, a temporal calibration of the Hargreaves equatiorthe actual and saturation vapour pressure (kPa), respectively;
was achieved in order to consider the influence of wet andl’ the daily mean air temperatur®X) andu, the wind speed,

dry periods on the goodness of fit of the results. (4) Finally,both measured at a height of 2m above the soil surface
an analysis of the best procedure to spatially interpolate Har{m s™%). Finally, Cq andCh, are resistance coefficients, which

greaves equation is provided. vary with the reference crop, temporal time-step and, in the
case of hourly time-steps, with daytime and night time. Ta-
2.2.1 Penman-Monteith equation ble 1 shows their values at different time steps for the same

reference crop as in the FAO56-PM. The calculation of some
The Penman-Monteith (PM) combination equation has aof the variables involved in the ASCE-PM equation can be
strong theoretical basis that combines in the first term arfound in detail depending on the available input data in Allen
energy balance accounting for radiation and soil heat transet al. (1998). Thus, ASCE-PM was applied at the point scale
fer, and in the second term a function for the aerodynamicof weather stations with the data recorded at the weather sta-
transport that quantifies the vapour advective displacement afions as inputs to the equation.
the evaporative surface (Allen asnd Pruitt, 1986; Stefano and As for the distributed derivation of ASCE-PM surfaces,
Ferro, 1997). After the sensitivity analysis had demonstratedspecific algorithms to interpolate the meteorological input
a strong influence of the aerodynamic and canopy resistancdata were applied in order to avoid the limitations that stan-
coefficients on the estimates of ET (Beven, 1979), a referencelard methods pose in abrupt topography. The available en-
surface was defined (Shuttleworth, 1993; Pereira et al., 1999%rgy at the soil surface is the first control of the process, so
in order to “standardize” the initial conditions and neglect the estimation of this flux from available data sometimes con-
the influence of crops and soil characteristics in the estimaditions the selection of a method to generate evapotranspira-
tions of evapotranspiration, leading to the FAO PM equationtion values (Shuttleworth, 1993). In the present study site,
for the calculation of the daily reference evapotranspiration,a topographic model for the estimation of global radiation
ETo. Then, the parameterization for hourly time-step calcu-at the cell scale was applied (Aguilar et al., 2010), whereas
lations led to the equation known as FAO56-PM (Allen et net long wave radiation was computed from the atmospheric
al., 1998). Finally, in order to unify criteria concerning the emissivity, which was calculated through a parametric ex-
reference surface and to simplify and clarify the applicationpression by Herrero et al. (2009) based on near-surface mea-
of the FAO56-PM equation, the ASCE derived the ASCE- surements of solar radiation and relative humidity, valid for
PM equation (Eq. 1) including the variation of the resistancethe local conditions of the study area. Besides, topographic
coefficients depending on the reference crop, the temporatorrections were also used for temperature and rainfall with
time-step and, for hourly time-steps, different values for day-linear trends of both variables with height at the proper tem-
time and night time. This modification to the FAO56-PM poral scale (Susong et al., 1999; Garen and Marks, 2005;
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Herrero, 2007; Aguilar et al., 2010) and simpler interpola- mountainous site conditions given by the installation of sta-
tion techniques for wind speed and vapour pressure (Herrerdjon 802 in November 2004. Then, hourly values were ag-
2007). Further details of the algorithms can be found in Her-gregated to obtain daily values (§SICE) and compared with

rero et al. (2007). daily ETp estimates calculated by ASCE-PM equation, sim-
. ilar to FAO56-PM at daily scale (ng‘o), but assuming the
2.2.2 Hargreaves equation particularities of the daily computation as stated before (neg-

) o . ligible G values, and constant resistance coefficient). This
Hargreaves et al. (1985) developed their empirical alternative,omparison reflects the method's internal consistency and ro-
approach from the combination of Egs. (2) and (3). bustness when applied at different temporal scales (Itenfisu et
ETHC = 0.0135- Ry (T + 17.8) (Hargreaves et al1985 (2) al., 2003; Gavin et al., 2008). The results were evaluated
by means of the Mean Error, ME (mm da), and the Root
Rg = ¢ - Ro ¥/AT (Hargreaves and Samani9og2  (3) Mean Squared Error, RMSE (mm dé;) as indicators of -
the deviation and accuracy in the estimations at each station
whereT is the daily mean temperatureQ), Rq the global  as suggested by Jacovides and Kontoyiannis (1995) for the
solar radiation in mm day* evaporation equivalent,an em-  evaluation of EF estimations. Also, the mean absolute error,
pirical coefficient that after calibration was fixed to 0.16, MAE (mmday 1), and the ratio between mean estimations,
Ro the extraterrestrial solar radiation in mmdayevap- R, were computed. Once the consistency of the ASCE-PM
oration equivalent, and\T the daily temperature range method was analysed, and considering the error values ob-
(AT =Tmax— Tmin, Tmax Tmin the daily maximum and min- tained from this comparison, the daily time step in the appli-
imum temperature values, respectively). Finally, the com-cation of the PM equation was selected géq) and, thus,
bination of Egs. (2) and (3) yields the Hargreaves equatiorthe calibration process was applied in the 7 weather stations
(Hargreaves et al., 1985) for gTmm day1): with daily datasets available in the area (Fig. 1). Therefore,
HG local calibration ofcy was performed at each station against
ETo” = cH - 0.408Ro - (T + 17.8) v/Tmax — Tmin  (4)  the daily estimates by ASCE-PM approximation at different

where the value of 0.408 is the inverse of the latent heat flu299regated temporal scales, and error values were compared
of vaporization at 20C, changing the extraterrestrial radia- '" order to evaluate the different alternatives.

tion units from MJ n2 day - into mm day * of evaporation The use of PM E{ estimates as a pattern for the calibra-
equivalent (Allen et al., 1998), angl is the Hargreaves co- tion of the Hargreaves equation has been previously made
efficient. by other authors from different versions of Penman-Monteith

Hargreaves et al. (1985) stated that Eq. (2) tends to overgguations (Allen and Pruitt, 1986; Hargreaves, 1994; Harg-
estimate evapotranspiration in coastal areas where the dailfgaves and Allen, 2003; Irmak et al., 2003; Itenfisu et al.,
mean temperature is relatively high, whereas the coefficient 2003; Gavian et al., 2006; Maeda et al., 2010). The use of
in Eq. (3) must be increased in such cases as the daily tempemese_ equations for the calibration of other empirical equa-
ature range is lower due to the “attenuation” of the sea, andions is justified by the lack of measured values oHEAS it
decreases at high elevation locations, particularly in moun/S really difficult to find lysimeters at every weather station,
tainous valleys, where air mass movements down-slope in2nd when available, low quality recorded data cause more er-
crease the temperature range. Therefore, as the errors Q'S than thg introduction of low quality meteorological data
Egs. (2) and (3) are of the same order of magnitude but oppol the equations (Irmak et al., 2003).
site in sign, the value afy in Eq. (4) can be fixed to 0.0023 o ] ] ]
when a standard value without local calibration is consid- 2-2-4 Spatial interpolation of daily ET estimates

ered, compensating for the errors in both equations (Harg- L . .
reaves et al., 1985: Hargreaves, 1994). The characterization of EgTat a regional scale is difficult

The Hargreaves equation (Eq. 4) was applied at a poinflu€ to the dependence of EWith numerous factors. Two
scale with temperature datasets recorded at the weather stdi€thodologies are commonly applied for the spatial Inter-
tions. Once again, for the distributed derivation of Harg- Polation of ET in a regular matrix (McVicar et al., 2007):

reaves surfaces, the specific algorithms to spatially interpo{1) interpolation of the input data, and, once all of them are
sfvailable at cell scale, application of the model, also known

late temperature data summarized in Herrero et al. (2007§V&! ; ;
were applied. as “interpolate and c_alculate (I-C_Z), or 2) calculation qfoET

at each weather station from the input data, and then interpo-
2.2.3 Temporal correction analysis lation of the ET results to the whole matrix, known as “cal-

culate and interpolate” (C-1). When the Hargreaves equation
Firstly, hourly ETy values were calculated at weather sta- is used, the latter is immediate (panel 1 in Fig. 2), but for
tions with hourly available recorded datasets in the study areghe former, once the algorithms for the interpolation of me-
through ASCE-PM equation (Eq. 1) for the period betweenteorological variables have been developed (Herrero et al.,

November 2004 and August 2008, in order to include the2007; Aguilar et al., 2010), the Hargreaves coefficient has
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Fig. 2. Methodologies for the spatial interpolation of Hargreaveg:KIL) C-I type and both (2) and (3) I-C types. Solid lines represent
values at point scale (weather station) whilst dashed lines represent distributed values at cell scale.

to be spatially distributed. In order to do so, two methodsstatistics of the deviation in terms of the cell by cell differ-
were applied in this work: the interpolation of the adjusted ence between the reference and the empirical methods were
coefficients at each station through inverse distance squarechlculated for each alternative.

weighted, versus the allocation of the adjusted coefficients

at each station to its region of influence (panels 2 and 3 in2.3 Validation

Fig. 2).

The regionalization in the area in terms of evapotranspi-Finally, the validation of the adjusted coefficients was car-
ration processes allows the definition of representative refied out with data recorded from 1 September 2008 to
gions for hydrologically similar geographical units unlike 2 July 2010. However, as for the surfaces ofpEthe un-
other geometrical procedures (e.g. Thiessen polygons) thatertainty of the results depends on the goodness of fit of the
strictly depend on the spatial distribution of weather stations results of the algorithms for the interpolation of each meteo-
In order to assess the region of local influence around eackological variable (Aguilar, 2008).
weather station, Ef values were estimated at each station
by the Hargreaves equation with the previously adjusted co-
efficients. Then, direct spatial interpolation through inverse3 Results and discussion
distance squared weighted (IDW) was applied disregarding
one station each time; the deviation of each calculation from3.1 Selection of the time step calculation in PM equation
the estimates considering all the stations was calculated in
order to assess the relative influence of each station in th&irstly, hourly estimates of ASCE-PM-gTwere calcu-
distributed computation. Thus, contours of influence werelated at the automatic weather stations with available hourly
obtained by fixing a threshold ak0.1 mmday? for every  datasets (stations 601, 602, 603 and 802 in Fig. 1) and ag-
station, differentiating between the wet and dry season. Figregated in order to obtain daily values. Figure 3 represents
nally, the adjusted coefficients at each station were assignedggregated hourly values (§§CE) and daily ET estimates
to its region of influence. calculated by ASCE-PM with the particularities of the daily

Finally, for the selection of the best interpolation method, time step (EJSAO). A typical linear adjustment was applied
three situations were compared in this study (Fig. 2): the rewhere the zero intercept was forced through the origin and
sult of applying (1) IDW to E estimations at each station, error estimates, the goodness of R, as well as the slope
a C-I calculation type; and (2) distributed application of the of the adjustmentz, were computed with E}°CE estimates
Hargreaves equation with adjusted coefficients allocated byas the dependent variable (Table 2).
region, an I-C calculation type; and (3) distributed applica- Although the results are quite conditioned by the quality of
tion of Hargreaves equation with adjusted coefficients spaimeteorological data, similar results to those obtained in pre-
tially interpolated by inverse distance squared weighted, an lvious studies were foundR between 0.95 and 0.97, which
C calculation type. In order to evaluate the efficiency of eachbelongs to the range obtained by the ASCE (0.86 to 1.01 with
alternative, E’gAO estimates at cell scale through ASCE-PM 0.95 as annual mean; ASCE, 2000) and similar to those ob-
were derived once meteorological variables to the equatioriained by Itenfisu et al. (2003) and Gaaril et al. (2008), the
(Eq. 1) had been properly interpolated (Herrero et al., 2007]atter in a previous research at a regional scale in Andalu-
Aguilar et al., 2010) and the deviation to these ASCE-PMsia. Similarly, the negative ME resulting values indicated a
ETo estimates at cell scale was computed. For this, simplegeneral underestimation at a daily scale, which appears to
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Fig. 3. ET)SCEvs. ETHAC at the four selected weather stations with hourly data (601, 602, 603 and 802) for the evaluation period (20 Novem-
ber 2004-31 August 2008).

Table 2. Mean effor (ME  mm davl). mean absolute error (MAE daily-time step is not much higher than when using hourly-
avie = ffla error (ME - ay"), mean absolute erro E time steps (betweer5% at station 603 and-3% at sta-
— mmday 1) and root mean squared error (RMSE — mmdhy

ratio between mean estimationg)( slope f) and goodness of the tion 802). Thus, as there are 3 more weather stations in the

linear fit (R2) between E-gAO (independent variable) and eﬁ‘yCE area that supply daily data and can help to define calibration
(dependent variable) at stations with available hourly datasets (601cfiteria in the regional calibration of the Hargreaves coeffi-

602, 603 and 802). cient (two at medium heights and one on the coast), these
. 5 stations were included in the analysis, and so the computa-
Station  m R ME  MAE RMSE R tion at a daily time scale was applied in the calibration pro-

601 0.982 0.992 —0.122 0161 0.196 0.96  cessdetailed hereafter.

602 0.981 0.991 —0.135 0.174 0213 0.96

603 0.977 0991 -0.122 0.163 0.197 0.95 3.2 Temporal variation of cy
802 0.959 0.990 —0.131 0.180 0223 0.97

Daily ETg estimates obtained through the ASCE-PM method
were compared to those calculated with the Hargreaves
equation and different coefficients: the constant coefficient
of 0.0023, and, then, adjusted values at different temporal
be due to the inability of the daily calculation to incorpo- intervals.
rate rough intra-daily variations in wind speed, vapour pres-  Firstly, with the uncalibrated coefficient for the whole
sure or temperature, and also to the inclusion of the soileyajyation period, in general the Hargreaves equation over-
heat flux at an hourly scale in the energy balance, whichestimated the Egvalues, as can be inferred from the mostly
is commonly estimated from other available variables, oftennegaﬁ\,e ME values found (Table 3), and only at stations 802
from Ry (Allen et al., 1998; Gavdn et al., 2008). and 703 was a certain underestimation found. Thus, the re-
In general, the close adjustment between both calculationsulting adjusted coefficients at every station except for 802
at different time scales seems to be the result of different reand 703 were lower than 0.00234(in Fig. 4). Therefore,
sistance coefficients between daytime and night time insteathe application of the adjusted coefficients at each station for
of the constant value suggested by Allen et al. (2006), andhe meteorological dataset of the evaluation period improved
demonstrates the internal consistency of the method at differthe ETg‘Gestimates in every case as the clouds of points were
ent time scales. However, the error obtained when using thenore aligned to the 1:1 slope line when compared to the daily
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Fig. 4. Daily ETo (ETEAC) vs. daily ETy by Hargreaves (EJf®) with a constant coefficient (0.0023) and adjustgdat each station (601,
602, 603, 701, 702, 703, 802) for the evaluation period (20 November 2004—31 August 2008).

estimates by ASCE-PM (Fig. 4), and, also, lower RMSE val- At inland locations, i.e. stations 601, 602, 702 and 703 in
ues than with the constant coefficient were always achievedhis study, the temperature range is higher than at coastal sta-
as shown in Table 3. tions, which would theoretically overestimate=However,
Even though apparently there seems to be a relationshithe variability in the results found in previous studies sug-
between the Hargreaves coefficient and elevation, accordgests that many other factors affect the accuracy i &sfi-
ing to Samani (2000) the value of; does not necessarily mations such as cloudiness, humidity, topography, advection,
decrease with elevation, and he proposed a relationship bgroximity to water bodies, etc. In this way, similar trends to
tweency and the daily temperature range. However, the dif- those obtained by Mdrtez-Cob and Tejero-Juste (2004) in a
ferent weather stations analysed showed a variable behaviowemiarid region were observed. Thus, from the results shown
considering the adjusted coefficients and mean meteorologiin Fig. 4, a constant value close to 0.0020 was obtained for
cal variables (Table 3), and so a distinction between coastalkemiarid inland locations with a monthly average wind speed
inland and alpine stations was made. lower than 2 m/s, stations 702, 601 and 602 in the study area,
At coastal stations, i.e. stations 603 and 701 in this studywhilst the original coefficient (0.0023) was at inland windy
the advective effects decrease the temperature rangarn locations such as station 703.
Table 3), which results in an enhanced underestimation of The extreme case of the alpine station (802), with
ETo by the Hargreaves equation, as the incoming solar radiag considerable underestimation by the Hargreaves equa-
tion obtained through Eq. (3) is also underestimated (Samanijon with the constant coefficient (ME = 1.14 mm ddyand
2000; Gavian et al., 2006; Jabloun and Sabhli, 2008) This RMSE=1.51mm dayl)’ can be explained by the overesti-
is the case of the above mentioned stations (603 and 701jnation in the radiation over the aerodynamic term in the Pen-
where wind speed values are lower at the first station whereagan equation (Eq. 1). Previous studies carried out at high
the mean annual temperature range is slightly higher (Tag|titudes found that this overestimation is not due to a lesser
ble 3), which means a lower coefficient at station 603 thanjncoming net solar radiation in height, but to a lesser storage
at station 701dy in Fig. 4). of energy in the surface due to a thinner atmosphere than at
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Table 3. Mean error (ME — mm day?) and root mean squared error (RMSE — mmdBywith both the constant 0.0023 coefficient and the

global adjusted, and mean values for the evaluation period (20 November 2004—-31 August 2008) of tempé&tatwind speed«) and

relative humidity (HR) at stations 601, 602, 603, 701, 702, 703 and 802.

Station z(m) cy =0.0023 Global adjusteely 7 (°C) AT (°C) v(ms 1) HR (%)
ME RMSE ME RMSE
701 35 -039 091 -0.20 0.89 18.85 7.72 0.96 62
603 49 -0.87 115 -0.24 0.95 19.91 8.57 0.80 65
703 400 0.05 0.88 -0.05 0.87 17.60 12.08 2.11 60
702 700 -0.71 099 -0.24 0.83 14.40 10.81 1.38 59
602 781 -0.63 093 -0.14 0.75 15.36 12.17 1.15 55
601 950 -0.65 094 -0.20 0.80 15.18 9.68 1.5 54
802 2510 1.14 151 -0.06 0.74 6.26 5.89 3.05 24

Table 4. Adjustedcy values for each hydrological year (1 September to 31 August) at stations 601, 602, 603, 701, 702, 703 and 802.

Station z(m) Annualcy
2004-2005 2005-2006 2006-2007 2007-2008 Average

701 35 0.002169 0.002032 0.002130 0.002318 0.002162
603 49  0.001846 0.001757 0.001848 0.001974  0.001856
703 400 0.002447 0.002290 0.002302 0.002400 0.002360
702 700 0.002172 0.001937 0.001894 0.001919 0.001981
602 781  0.002162 0.002008 0.001905 0.001919  0.002001
601 950 0.001936 0.001959 0.002037 0.002033 0.001991
802 2510 0.004101 0.003741 0.003648 0.003690 0.003795

sea level, that is, the lowek value due to the lower mean
temperature (Gara et al., 2004), as shown in Table 3.

Table 5. Mean error (ME — mmday!) and root mean squared
error (RMSE — mm dayl) with the cy adjusted by wet/dry season

2503

Following Lopez-Urrea et al. (2006), who observed in- for the evaluation period (20 November 2004-31 August 2008) at
terannual patterns in Blin semiarid areas due to the high stations 601, 602, 603, 701, 702, 703 and 802.

temporal variability of meteorological conditions, the inter-

annual calibration ofy was applied at the seven stations in

. ' Station z(m) CH
the study area. Results shown in Table 4 confirmed the global
tendency already found: increasing values with the proxim- Dryseason Wetseason ME  RMSE

ity to the sea at coastal stations, general underestimations at701 35 0.002520  0.001842 —0.10 0.74
stations 703 and 802, and quite a constant value at inland 603 49  0.002220 0.001503 -0.12  0.77
locations of around 0.0020. 703 400 0.002415 0.002298 —0.02 0.86
. 702 700 0.002192  0.001721 —-0.14 0.73

Intra-annual patterns were then evaluated in terms of the
781  0.002102 0.001874 —0.09 0.72
common wet (September—May) and dry (June—-August) sea- g1 950  0.002166 0.001780 —013 0.74
sons in Mediterranean areas. When applying this differen- gg» 2510 0.003960 0.003591 —0.03 0.72

tiation between calibration periods, higher coefficients were
obtained in the dry season at every station, with a greater
oscillation at coastal stations, where values of up to 0.0015
for the wet and 0.0025 for the dry season were found, re-

spectively (Table 5). The classical seasonal distinction wagange of variability was found at coastal stations, and at sta-

also performed (Aguilar, 2008), and similar trends were ob-tion 802 the highest values were found in winter and autumn.

tained as the highest values were reached at every station ev- In order to select a set of adjusted coefficients, a simple

ery year in spring and summer, especially in spring, closecomparison of error values among the different possibili-
to 0.0023, whilst in winter and autumn, the coefficient val- ties was applied. From the contrast of results, error val-
ues dropped by up to 0.0012 (in autumn). Again, the widerues improved in every station when the computation was
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Fig. 5. Daily ETq (ETA) vs. daily ETy by Hargreaves (EJ®) with a constant coefficient (0.0023) and adjusted wet/dry seaga each
station (601, 602, 603, 701, 702, 703, 802) for the validation period (1 September 2008-2 July 2010).

applied with variable coefficients between the wet and theHargreaves estimates with the constant coefficient to the 1:1
dry season (Table 5) over those obtained with adjusted coslope line at every weather station. The error values obtained
efficients for the whole evaluation period, or with the un- in the validation process are summarized in Table 6. It can
calibrated coefficient (Table 3), especially at stations 603be seen that the order of magnitude of the error estimates re-
and 802, where RMSE values with the 0.0023 constant coefmains similar to the ones obtained in the evaluation process
ficient were higher than 1 mm day. (Tables 3 and 5). Furthermore, the lower error values ob-

From these results, a variable coefficient between the wetained with the calibrated coefficient (Table 6) validate their
and the dry season was proposed for the subsequent spatia$e in the study area instead of the 0.0023 constant value.
interpolation.

The calibrated coefficients were validated with available 3.3 Spatial interpolation of cy
datasets recorded from 1 September 2008 to 2 July 2010.
Again, ME and RMSE values were used to quantify the Once the threshold values of influence were fixed as previ-
differences between the [estimated using the reference ously expounded, differentiating between the wet and dry
method (E'EAO) and the estimates obtained using the Harg-seasons, the different regions of influence of each station
reaves equation with the 0.0023 constant coefficient and thean be seen in Fig. 6, together with the distributecg"é’T
adjusted coefficients for wet and dry seasonsgCE)T The  estimates accumulated for the wet and the dry seasons per
application of seasonally adjusted coefficients improved thehydrological year throughout the evaluation period (2004-
estimates with the Hargreaves equation as shown in Fig. 52008). The Southern hillside of Sierra Nevada, and, in gen-
where the cloud of points tends to approximate more than theral, alpine regions, are included in the region of station 802,
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Table 6. Mean error (ME — mm day!) and root mean squared error

miday] b) Dry Season

2505

(RMSE — mm day1) for the validation period (1 September 2008—
2 July 2010) with the constant 0.0023 coefficient and dhead-
justed by wet/dry season at stations 601, 602, 603, 701, 702, 702
and 802.
2004/2005
Wet/dry season
cq=0.0023 adjustedy
Station z(m) ME RMSE ME RMSE
701 35 -0.26 0.74 0.10 0.72
603 49 -0.77 1.05 0.03 0.78 20052005
703 400 -0.37 0.76 -0.42 0.76
702 700 -0.65 0.89 -0.06 0.67
602 781 —-050 0.84 0.01 o071
601 950 -0.41 0.79 0.10 0.75
802 2510 1.26 1.53 0.25 0.57 2006/2007
wzsay  a) Wet Season mezdays D) Dry Season
950 600
0 g > © = O 2007/2008
2004/2005 \,\,’ :
2008/2009
2005/2006 [~~~ ' :
2009/2010

2006/2007 [~ - ' 8

2007/2008

2008/2009

2009/2010

Fig. 6. Regions of influence and ASCE-PM EEstimates at the
Guadalfeo river watershed for th{a) wet season (1 September—

31 May) and(b) the dry season (1 June —31 August).
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Fig. 7. Differences between Elobtained by ASCE-PM and
Hargreaves with adjusted coefficient interpolated by IDW at the
Guadalfeo river watershed.

while along the seaside both coastal stations, station 701
and 603, share their influence.

The locally adjusted seasonal coefficients (wet and dry
season) as justified in the previous section (Table 5) were as-
signed to the region of influence of each station. Figure 7
shows the difference between g €stimations by ASCE-
PM equation (Fig. 6) and Eplestimations by the Hargreaves
equation with the adjusted coefficients interpolated by IDW.
Here, the main under- and overestimations take place mainly
in the dry season in the alpine areas as well as throughout
the main river valleys. However, when doing the same com-
putation with the adjusted coefficients allocated to regions
of influence, extreme differences were observed such as un-
derestimations in the alpine regions that are captured by sta-
tions 702 and 703’s area of influence, and overestimations in
deep valleys that are captured by station 802’s region. Thus,
a modification to the region assigned to station 802 was pro-
posed. For this purpose, the boundary of the area of influence
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2506 C. Aguilar and M. J. Polo: Generating reference evapotranspiration surfaces from Hargreaves equation

A a) Wet Season iday] b) Dry Season of applying I-C methods rather than C-I methods in com-
plex terrain watersheds is demonstrated. In the three I-C
methods applied in this study, the lowest mean values of
the deviation were obtained with the distributed computa-
tion of the Hargreaves equation with the adjusteddis-
tributed according to the regionalization shown in Fig. 8
— (c) in Table 7 — (average of the mean deviations of
0.02mmday?! and 0.15 mm day* for the wet and dry sea-
sons, respectively, which accounts for mean differences of
3.38 mmwetseasort and 13.43 mmdry seasoh). Never-
theless, the order of magnitude of the statistics for the three
I-C methods applied in this study — (b), (c) and (d) in Table 7
suggests that further analyses must be made in order to ob-
tain smoothed (more realistic) gradients along the contour of
802’s area of influence as well as throughout the valleys in-
cluded in the region of station 702’s area of influence, whose
current values produce the highest standard deviation values
associated with the use of regions of influence in the interpo-
lation procedure — (b) and (c) in Table 7.

2004/2005

2005/2006

2006/2007

2007/2008

4 Conclusions

The interplay of different factors at different temporal scales
became evident through the results shown. Thus, the cal-
culation of ETp must be made dependent on the temporal
scale at which the water and energy balance is applied in a
model. At an hourly scale, ASCE-PM'’s equation is undoubt-
edly the most suitable method provided that all the necessary
input data are available at this temporal scale. However, even
2009/2010 though the same equation can be applied at a daily scale, the
satisfactory results obtained by the Hargreaves equation at
Fig. 8. Modified regions of influence and Hargreaves and differ- this temporal scale, once the coefficient has been locally cal-
ences between FTobtained by ASCE-PM and Hargreaves with ibrated, situate this method as an alternative to ASCE-PM'’s
adjusted coefficient allocated to modified regions of influence at themethod for situations where not all the input data are avail-
Guadalfeo river watershed. able, or where distributed calculations must be performed
over long periods/large areas.

The application of PM’s equation at different time scales
of station 802 was replaced by the curve of 2000 m altitude aproved the method’s internal consistency at the four stations
this appears to be the limit of the linear trend of rainfall with considered, which included a coastal, two inland and one
height in the area (M@ino et al., 2011), keeping the rest of alpine region, and confirms its use as a reference value. Here,
the regions as originally drawn (Fig. 8). the linear adjustment between daily estimates and aggregated

Table 7 shows the statistics of the difference betweenhourly values, with the zero intercept forced through the ori-
ASCE-PM ET, estimates at cell scale and the different alter- gin, resulted ink? values higher than 0.99 at the four stations
natives. In general, IDW interpolation of the Hargreaves es-considered.
timates at each station computed with adjusig¢€panel 1 in The Hargreaves equation was locally calibrated with satis-
Fig. 2) always gave the highest mean values of the deviatiorfactory results in the study site. With the original parameter
—(a) in Table 7. Thus, the average of mean deviations wa®f 0.0023, the Hargreaves equation overestimategldt €v-
—0.06 mmday?! and—0.33mmday? for the wet and dry  ery station except at station 703 and at the alpine station 802,
seasons, respectively, which accounts for mean differencewith RMSE values with respect to ASCE-PM'’s daily esti-
of —20.75mmwet seasoh and —30 mmdryseason'. In  mates close to 1 mmday and up to 1.51 mmday at the
this way, 50.75 mmyr! in an area with a mean annual rain- alpine station. At coastal sites, underestimation increased
fall of 500mmyr! can constitute a considerable source as the temperature range decreased. The local adjustment
of error in all the hydrological processes where evapotranfor the whole period showed different tendencies depending
spiration processes are involved. Therefore, the suitabilityon the proximity to the sea. At coastal stations, a higher

2008/2009
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Table 7. Mean (« — mm day 1) and standard deviation - mm day 1) of the difference between ASCE-PM Eéstimates at the Guadalfeo
river watershed and different alternatives per hydrological year: (a) IDW to Hargreaves estimates at each station withcgdj(Gted

I method type) (b) distributed computation of Hargreaves equation with adjugtatiocated to regions of influence (c) distributed compu-
tation of Hargreaves equation with adjustegdallocated to modified regions of influence (d) distributed computation of Hargreaves equation
with IDW to adjustedry.

Wet Season 04/05 05/06 06/07 07/08 08/09 09/10

7 o I o " I " o I o " o
(€] 0.02 0.35 —-0.05 0.34 —0.09 0.34 —0.06 0.36 —-0.09 0.32 —-0.09 0.31
(b) 0.01 0.44 0.05 042 0.02 041 0.03 044 0.05 0.40 0.06 0.39
(c) 0.06 0.42 0.02 0.39 —0.02 0.39 0.002 041 0.03 0.38 0.03 0.36
(d) 0.07 0.38 0.03 0.35 —0.02 0.34 0.006 0.37 0.033 0.32 0.04 0.32
Dry Season 04/05 05/06 06/07 07/08 08/09

7 o " o 7 o " o " o
(®) —-0.21 044 —-0.49 0.57 —-0.41 0.50 -0.28 041 —-0.24 0.40
(b) —0.10 0.64 —-0.29 0.68 —0.30 0.69 —0.18 0.64 —0.16 0.65
(c) —-0.11 0.59 —0.30 0.64 —0.30 0.65 -0.19 0.61 0.17 0.61
(d) —-0.15 0.53 —-0.34 0.55 —-0.34 0.53 —-0.23 049 -0.21 0.51

coefficient as the temperature decreases is proposed. Famthe low height valleys along the river as well as in the con-
inland stations, a constant value of around 0.0020 is protour of the alpine station’s region of influence.

posed for non-windy locations, whilst the original coeffi- _ _

cient (0.0023) is maintained for windy locations. Finally, ACkn0W|quem?mSTh's W.mk was funded by the. Andalusian

at the alpine station, the considerable underestimation mus\a{vater Institute in the project Pilot study f]?r the integral man-
" . . gement of the Guadalfeo river watershed” and by the Regional

be compensated by Increaglng the Coeﬁ'c'em UP_ to 0'003&'nnovation, Science and Enterprise Ministry grant for PhD training

The same trends were obtained when the calibration was cafy andalusian Universities and Research Centers.

ried out on a hydrological year temporal basis. However,

when differentiating between the wet season and the dry se&dited by: N. Verhoest

son in the calibration process, higher coefficients were ob-

tained at every station in the dry season with a greater variReferences

ation at coastal (from 0.0015 to 0.0025) and non windy in-

land locations (from 0.0017 to 0.0021), which improved in Aguilar, C.: Scale effects in hydrological processes. Application

every case the error values found, especially at stations 603 to the Guadalfeo river watershed (Granada), PhD Thesis, Uni-

and 802, where RMSE values with the 0.0023 constant co- Versity of Oerdea,ht_tp://_www.cuencaguadalfeo.com/archivos/

efficient were higher than 1mmda§/. These higher devi- Guadalfeo/Tesis/TesisCremn.pdf (last access: 9 May 2011),

ations found when a constant coefficient is used can imply 2008.

. . Aguilar ., Herrer ., and Polo, M. J.: T raphi f-
considerable errors that further affect the calculation of the”\9ull"» C., Herrero, J., and Polo, M. J.: Topographic e
fects on solar radiation distribution in mountainous watersheds

soil drying and snow dynamics, among others. and their influence on reference evapotranspiration estimates
Finally, the four spatial interpolation methods applied al-  at watershed scale, Hydrol. Earth Syst. Sci., 14, 2479-2494,

lowed the application of the Hargreaves equation at a daily doi:10.5194/hess-14-2479-2Q1D10.

scale with few deviations from the calculation through the Alexandris, S. and Kerkides, P.: New empirical formula for hourly

equation of the ASCE-PM, lower thahl mm day1 in the estimations of reference evapotranspiration, Agr. Water Manage.,

extreme values of all the examples analysed. However, the 60, 157-180, 2003.
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. o transpiration, guidelines for computing crop water requirements,
plex terrain watersheds. The lowest deviations (close to

. . Irrig. and Drain. Pap., 56. U.N. Food and Agric. Organ., Rome,
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