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Abstract. Distributed energy and water balance models re-1 Introduction

quire time-series surfaces of the climatological variables in-

volved in hydrological processes. Among them, solar ra-There are several methods available for the development of
diation constitutes a key variable to the circulation of wa- digital elevation models for hydrological studies but regu-
ter in the atmosphere. Most of the hydrological GIS-basedar grid structures provide the best compromise between ac-
models apply simple interpolation techniques to data meacuracy and computational efficiency (Moore et al., 1991).
sured at few weather stations disregarding topographic efFor this, all the inputs to distributed hydrological modeling
fects. Here, a topographic solar radiation algorithm has beemust be available at this spatial scale. Among such inputs
included for the generation of detailed time-series solar rato hydrological models, solar radiation plays an important
diation surfaces using limited data and simple methods infole in most of the processes involved, as it is a key vari-
a mountainous watershed in southern Spain. The resultgble in the circulation of water from the earth’s surface to
show the major role of topography in local values and dif- the atmosphere, especially in Mediterranean regions. At a
ferences between the topographic approximation and the diglobal scale, latitudinal gradients caused by the earth’s rota-
rect interpolation to measured data (IDW) of up to +42% andtion and translation movements are well-known. However, at
—1800% in the estimated daily values. Also, the compari-a smaller scale, apart from cloudiness and other atmospheric
son of the predicted values with experimental data proves théeterogeneities, topography determines the distribution of
usefulness of the algorithm for the estimation of spatially- the incoming solar radiation; variability in slope angle and
distributed radiation values in a complex terrain, with a goodslope orientation, as well as the shadows cast by topographic
fit for daily values ®?=0.93) and the best fits under cloud- agents, can lead to strong local gradients in solar radiation
less skies at hourly time steps. Finally, evapotranspiration(Dozier, 1980; Dubayah, 1992; Dubayah and van Katwijk,
fields estimated through the ASCE-Penman-Monteith equal1992), with the corresponding influence on the energy-mass
tion using both corrected and non-corrected radiation value®alance of the snow cover and its evolution (Dubayah and
address the hydrologic importance of using topographically-van Katwijk, 1992; Li et al., 2002; Herrero et al., 2009), the
corrected solar radiation fields as inputs to the equation ovevegetation canopy (Dubayah, 1994), the surface soil layer,
uniform values with mean differences in the watershed ofsurface water bodies (Annear and Wells, 2007), etc.

61 mm/year and 142 mm/year of standard deviation. High The regional climate in Mediterranean areas is charac-
speed computations in a 1300 kmatershed in the south of terized by great inland-coast, valley-hill contrasts, and is
Spain with up to a one-hour time scale in 8B0n? cells  subject to cyclical fluctuations in cloud cover, precipitation
can be easily carried out on a desktop PC. and drought, thus exhibiting considerable spatial and tem-
poral variations (Diodato and Bellocchi, 2007). At these
latitudes, during periods of a lack of rainfall — a common
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and evapotranspiration. Here, an accurate estimation of timethe terrain (Dubayah, 1994). As for the beam component,
series solar radiation surfaces is required for distributed enself-shadowing and shadows cast by the surrounding terrain
ergy and water balance modeling (Ranzi and Rosso, 199%ave to be considered for each sun position in the sky during
Herrero et al., 2007). the day.

One of the main drawbacks in the assessment of solar radi- For the quantification of the diffuse component, many pa-
ation is the lack of reliable data. In mountainous areas, whereameters related to the atmospheric properties are required
the monitoring network ineffectively covers the complex het- in order to express the scattering properties of the atmo-
erogeneity of the terrain, simple geostatistical methods forsphere. However, these parameters are not easily available or
spatial interpolation are not always representative enoughtheir computation from common measurements may be time-
and algorithms that explicitly or implicitly account for the consuming (Dubayah and van Katwijk, 1992), and so sim-
features creating strong local gradients in the incoming radi-pler procedures need to be applied, especially at watershed
ation must be applied (Susong et al., 1999; Garen and Marksscale and in rough terrain. Thus, in these situations, the basic
2005; Chen et al., 2007; Bath et al., 2008; Yang et al., procedure for the partition of global radiation into its com-
2010). Thus, the implementation of the spatial variability in ponents is the calculation of correlations between the daily
the incoming radiation at the cell scale for distributed hydro- global radiation and its diffuse component from measured
logical modeling is of major concern, especially in moun- values of both quantities, and then applying these correla-
tainous areas (Allen et al., 2006). Here, the combinationtions at locations where diffuse radiation data are not avail-
of extreme gradients in the spatial distribution of solar ra-able (Igbal, 1980). In the literature, there are several reviews
diation, together with the lack of measurements at detailechbout the different correlations available, depending on the
spatial and temporal scales, calls for the integration of algo-averaging procedure and on the time scale of the radiation
rithms simple enough to be run with common measurementslata (e.g. hourly or daily) (Igbal, 1980; Spencer, 1982; Kam-
but at the same time able to capture the agents that constbezidis et al., 1994; Jacovides et al., 1996). Liu and Jordan
tute the main sources of the spatial and temporal variability(1960) were the first authors to develop a model for the es-
of solar radiation. timation of diffuse radiation from global data, establishing

At the local scale, the amount of solar radiation reaching athe basis for later empirical analyses of global radiation from
given location is called global solar radiation and it dependsdaily data. Ruth and Chant (1976) obtained a very similar
mainly on the cloud cover, the turbidity of the clean air, the figure and demonstrated a latitudinal dependence in the mod-
time of the year, latitude, and surface geometry (Igbal, 1983gls. Other authors developed hourly correlations (Orgill and
Essery and Marks, 2007). As radiation penetrates the atmoHollands, 1977; Bugler, 1977; Erbs et al., 1982). In 1979,
sphere, it is depleted by absorption and scattering. Not allCollares-Pereira and Rabl, maintaining the assumption of
of the scattered radiation is lost, since part of it eventuallyisotropic approximation for the diffuse radiation previously
arrives at the surface of the earth in the form of diffuse ra-proposed by Liu and Jordan, improved some aspects of the
diation (Liu and Jordan, 1960). Global radiation is the summodel (correction for the shade ring effect and use of daily
of direct or beam radiation from the sun, diffuse radiation values for extraterrestrial radiation instead of single monthly
from the sky, where a portion of the overlying hemispherevalues), and defined the daily clearness index as the ratio of
may be obstructed by the terrain, and direct and diffuse raglobal radiation to extraterrestrial radiation.
diation reflected by nearby terrains (Dubayah, 1994). There- Despite the availability of topographically corrected mod-
fore, global radiation received on a surface with a randomels for the estimation of solar radiation fields as Dozier
slope and aspect is largely controlled by atmospheric ancand Frew (1990), Dubayah (1992, 1994), etc., these ap-
topographic conditions (Flint and Childs, 1987; Tian et al., proaches are not commonly included in GIS-based hydro-
2001; Diodato and Bellocchi, 2007). In a very rough terrain, logical models, which usually adopt simple approaches to
some areas may not receive any direct radiation during thestimate the incident radiation throughout the watershed,
whole year — even if facing south — because of high peaksas explained next. In AhnnAGNPS, a distributed-parameter,
surrounding them. Under such conditions, a GIS-based solagphysically- based, continuous-simulation, watershed-scale,
radiation model that considers the impact of terrain shadinghonpoint-source pollutant model (Cronshey and Theurer,
should be applied (Allen et al., 2006). 1998), correction factors to take account of the effect of dust,

In any case, for the estimation of radiation incident on water vapor, path length, and reflection and rescattering are
tited surfaces, the partition of global horizontal radiation applied to the extraterrestrial radiation in order to obtain the
into its beam and diffuse components is of major concern, ashort wave radiation received at the ground surface. How-
the topographic effects are different for each one and thereever, these corrections are simplified into two multiplicative
fore have to be modeled separately (Igbal, 1980; Antonicfactors, one reflecting the effects of the atmosphere as a func-
1998; Gonalez-Dugo et al., 2003). Thus, diffuse radiation tion of the elevation and another as the influence of clouds,
is affected by the unobstructed portion of the overlying hemi-which depends on sunshine fraction for each day (Bingner
sphere, while reflected radiation is affected by terrain slopeand Theurer, 2003). Land area representations of a wa-
and the portion of the overlying hemisphere obstructed bytershed are used to provide landscape spatial variability, so
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climate variables remain constant at a subwatershed scale #* ¢ 1« ==
and, therefore, do not involve topographic factors. SWAT ., 2L et
(Arnold et al., 1998) is a lumped model, in which each sub- S '
watershed is associated with a unique radiation gauge. Here=

topographic corrections are not considered and the measure , ‘ Lo "
solar radiation data, when available, are directly applied on™"| s W

the whole region of influence by means of estimated extrater-sw. D , el

restrial radiation. MIKE-SHE (Refsgaard and Storm, 1995), S

is a comprehensive, deterministic, distributed and physically- CESOKICONRTN

based modeling system capable of simulating all major hy-
drological processes in the land phase of the hydrological
cycle (Singh et al., 1999). However, up to now, atmospheric )
processes have not generally been modeled explicitly, and 7L ¥ e
whereas precipitation is a direct input in MIKE SHE, radia- ’
tion and water vapor transport in the atmosphere are typically
bound up in evapotranspiration models (Graham and Butts',:ig' 1. Guadalfeo River Watershed, weather stations and DEM.
2005), and simple methods, such as Thiessen polygons or

other areal methods, are usually applied to extrapolate the i

point scale values for the referred stations at a watershe{1® regular presence of snowig2z, 2007; Herrero, 2007;

scale (Singh et al., 1999:aZquez et al., 2002; Azquez and Aguilar, 2008; Millares, 2008). The combination of these
Feyen, 2003). altitudinal gradients, together with the large number of vege-

The aim of this study was to address the importance Ogation, landforms and soil types, produces a complex moun-
incorporating in hydrological models the effects of topog- tainous terrain with vari_able hydrological beha_lvior. Thg main
raphy on the spatial distribution of global solar radiation Part Of the watershed, in terms of hydrology, is comprised of

at watershed scale. For this purpose, different topographidn€ southem hillside of Sierra Nevada, where global radia-
algorithms have been coupled in order to estimate serieOn i high throughout the year due to its aspect and lack
of distributed solar radiation values and calculations haveff cloud cover, even during winter, despite the cold temper-
been made to quantify this influence on evapotranspiratiorAtres and the presence of snow. However, the deep valleys
estimates in mountainous areas in Mediterranean locationdVith @ characteristic south-facing orientation lead to impor-
Thus, an algorithm was derived from Dozier (1980), Jaco_tantdlfferences inthe |n.stantaneou.s global rad|at|on. between
vides et al. (1996) and Ineichen anérBz (2002) to take into (€ €ast- and west-facing mountain slopes, especially after
account the lack of weather stations at high altitudes. To be?Unrise and before sunset when these valleys are mainly in
exact, this algorithm should estimate hourly global values adhe shade. ) o ]

well as the separation between its beam and diffuse compo- The meteorological data used in this study consisted of
nents from the common measurements obtained on horizorf?ourly and daily datasets provided by the three stations
tal surfaces. The resulting algorithm was implemented on(Fig- 1) of the Agroclimate Information Network of Andalu-

a GIS-based routine and applied to data from a mountainSia (RIA) available in the watershed: 601, 602 and 603,
ous watershed on the south coast of Spain. The distributenose UTM coordinates are shown in Table 1. Measure-
results were compared to those obtained from simpler interments were made with a Skye Llandrindod Wells SP1110
polating methods and experiment data. Finally, in order toPyranometer, with a characteristic range of 0:35.1 um.
address the hydrologic importance of using topographically The topographic input data are represented by a digi-
corrected solar radiation fields over uniform values, a simpletal elevation model (DEM) with a horizontal resolution of
evaluation in terms of their influence in the computation of 30x 30m and 1m of vertical precision (Fig. 1). Surface

reference evapotranspiration fields has been carried out. ~ slope and aspect were calculated for each point in the DEM,
using the regression plane through the 3 neighborhood of

a given point after Dozier and Frew (1990).

L ~ Guadalfeo river watershed

e

603
ar

2 Material and methods For the evaluation of the algorithm performance, the daily
datasets applied were provided by one station of the Andalu-
2.1 Study area and data sources sian Alert and Phytosanitary Information Network (RAIF)

(referred to as 702 in Fig. 1), which measures the variable
The study area is the Guadalfeo river watershed, Southwith a Skye Llandrindod Wells SP1110 pyranometer, with a
ern Spain (Fig. 1), where the highest altitudes in Spain carcharacteristic range of 0.351.1 um, as well as hourly data
be found (3482 m) with the coastline only 40 km away, in recorded at a new weather station installed in 2004 in Sierra
a 1300kt area which results in the interaction between Nevada by the University of Granada Environmental flow dy-
semiarid Mediterranean and alpine climate conditions, withnamics Research Group at an elevation of 2510 m (referred to
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Table 1. UTM coordinates of the weather stations, measured daily global radiation and clearness index on the 20 November 2004.

Station name  Station ID X Y Z RgMJnfdayl) cClI
Cadiar 601 483724 4086564 950 12.4 0.69
Padul 602 446712 4097327 781 144 0.80
Almufécar 603 439612 4066365 49 10.4 0.58
Lechin 702 451435 4089276 700 135 0.75
Poqueira 802 471338 4098246 2510 13.8 0.77

as 802 in Fig. 1). Measurements of global radiation at statiorered, they derived the horizons in the whole hemisphere for
802 were made with a Kipp and Zonen SP-Lite pyranometergach cell in the DEM. In this study, eight directions were con-
with a characteristic range of 041.1 um. The sensor was sidered in the calculation: the four cardinal points and their
placed on a horizontal surface, partially surrounded by highemid-way points.
ground to the north but completely exposed to the south.

Even though the measurements at weather stations cons#-2.1 Beam and diffuse component estimation on
tute a point source of information, for the purposes of these horizontal surfaces

studies, those records can be assumed to constitute represen- . L L
tative average values for the cell on which they are located! N€ extraterrestrial radiation at any moment of time incident
(Batllés et al., 2008; Maiez-Durtan et al., 2009). upon a horizontal surface located at an angle relative to the

sun’s beamsky), is a function of the solar coordinates (the
zenith angle §;) or its complementary angle, the sun ele-
vation angle ks), and the solar azimuth/()) and the solar
constant [cs) corrected with the eccentricity factoE§) to
account for the changes in distance from the earth to the sun
along the elliptical trajectory:

2.2 Calculation of solar radiation components including
topographic effects

The topographic effects on solar radiation are mainly vari-
ations in the illumination angle and shadowing from local
horizons, the apparent int_ersection (_)f th_e ea}rth and the slqko: Eo- Icssin(hs) = Eq - IcsCOS6y) 1)
as seen by an observer in a certain direction. The local
horizon information from the gridded data allows us to as- Ics was fixed as 1367 Wn? (Frélich and Brusa, 1981) and
certain whether a given location at a certain sun position issolar coordinates, which were calculated following the equa-
shaded from direct sunlight by surrounding terrain and de-tions in Igbal (1983), are functions of geographical latitude
termines, at any location, the portion of the overlying hemi- (¢ ), and solar declinatiors} in radians. For the solar decli-
sphere which is obscured by the terrain (Dozier et al., 1981nation, the value at noon can be used as a constant daily value
Dubayah, 1992). Thus, each hourly component, beam, dif{Igbal, 1983) and, as a medium-sized watershed, unique val-
fuse and reflected radiation has been calculated separatelyes for latitude and longitude were considered, and, there-
to account for the topographic effects (Gélez-Dugo et  fore, a constant daily value of extraterrestrial solar radiation
al., 2003) from the daily global radiation data measured atwas obtained for the whole watershed.
weather stations. In order to obtain the total amount of global radiation
According to Essery and Marks (2007), despite the factduring one day (MJm?day 1), extraterrestrial radiation
that since the availability of gridded data and powerful com- (Eq. 1) must be integrated from sunrise to sunset. Thus, by
puters many efficient algorithms for calculating distributions assuming that the solar beam angle originates from the cen-
of solar radiation over topographic grids have been develter of the solar disk, Eq. (1). was integrated following the
oped, all of them implement the same basic geometric princiexpressions in Igbal (1983) between the beginning and end-
ples. Thus, the calculation of horizons in this study was madédng sun-hour angles when the sun’s beam first and last strikes
following the modification to the method by Dozier (1980), the surface (Allen et al., 2006).
made more computationally efficient by Dozier et al. (1981) The basic procedure for the partition of daily global ra-
and Dozier and Frew (1990). They developed a simple andliation into its components is the application of empirical
fast algorithm for the extraction of horizons from DEMs by correlations between the daily global radiatidgtyf and its
comparing slopes between cells in a certain direction, andliffuse componentKy), and the ratio of daily global radi-
formulated the problem by determining the coordinates ofation to extraterrestrial radiatiorkR§), known as the daily
the points which constitute the horizons in each cell. Thenclearness index (Cl) (Eq. 2). The correlation applied in the
by rotating the matrix and solving it in a one-dimensional present study, shown in Eg. (3) was obtained by Jacovides
way along each row as many times as the directions considet al. (1996), who investigated the accuracy of some of the
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previously available correlations when applied locally for ReplacingRgcsin Eq. (4) by Cksleads to Eq. (6), similar
high-quality data recorded in Cyprus, and found that theseo Suehrcke’s formulation (2000):
correlations are location-independent. However, they devel-

oped a specific correlation, which is more suitable for apply-Rg = Ro:Cles: fClei (6)
ing in Mediterranean areas. Cl= Cles: £Clq %
Cl= Rg/ Ro 2) Therefore, the clearness index (Eq. 7) can also be expressed
as the combination of two factors, &lthat shows the in-
0.992— 0.0486CI Cl<01 fluence of the atmosphere over solar radiation in a cloudless
Rd/Rg={ 0.954+0.734CI|— 3.806CP +1.703CF 0.1<cl<0.71 (3) atmosphere, andCl, that decreases the incoming solar ra-
0.165 Ci=0.71 diation due to cloudiness effects. Eq. (7) constitutes the basis

dail | diati be obtained he dif for the distributed computation of the ClI in order to cal-
Beam daily solar radiationf) can be obtained as the dit- 1516 the spatial fields of the different daily solar radiation
ference between global and diffuse radiation. Therefore, by,

ts.
applying Eq. (2), dailyRg and Ry, values (MJ m? day 1) components

b . d h h . ith da Clcs can be easily obtained at each cell and at an hourly
can _e2 estmlate at each weather station with d&ly  gca1e a5 it varies with the sun elevation angle and the height
(MIm~—=day *) available datasets. However, for the spa-

ol i lati £ dailv b q diff | diati of the cell (Eq. 5), and, then, mean daily distributed values
t'r? Imterpo ation o aldy beam an ffl use Sﬁ.arr] re|1 1ation, 416 calculated cell by cell. In addition, the daily ClI values
the Jower scattering and absorption effects in high elevations, g ¢5\cyjated at each weather station from Eq. (1) with daily

due to the lower air mass and vice versa, must be taken int%easured data, and from Eq. (7) with the mean daily values
account, especially with a quickly changed altitude (Yang EEtof Cl¢s at the cells where the weather stations are located,

al., 2010). In this way, an _atmospheric correction has to bethe mean daily values of Cly at each station can be ob-
performeq p'x‘?' by pixel (Lietal., 2002)'_ . tained. Thus,fCl¢ values are spatially interpolated follow-
The estimation of clear-sky solar radiation helps to eval-ing the inverse distance weighed (IDW) method, in order to

uate the effects O,f the at.mo.spheric proper'ties iq a CIOUdIeSaistribute it throughout the watershed. This may appear to be
atmosphere. In this way, incident global daily radiation could 5, \nrealistic simplification, but it is justified by the lack of

be defined as being the product of the incident daily globaly,q e gpatially distributed registering sites, which would al-
radiation under clear sky condition&4cs) and a cloudiness |, 4 petter assessment of the spatial variation of cloudiness
factor (fCla) that attenuate®gcs in the watershed. FronfCly and Cls fields, daily global
radiation values (MJ m? day1) can be calculated (Eq. 6) at
cell scale and finally from Eq. (7) daily CI fields become

Thus, a theoretical clearness index for clear sky conditiong?vailable. Once daily global radiation and daily Cl fields
(Cles) could be defined as the ratio of global radiation under@’e obtained, the application of Eg. (3) is straightforward
clear sky conditions to extraterrestrial radiatigRyds/ Ro), at the cell scale, a_nd_ so distributed values of tlhe daily dif-
In the literature there are numerous reviews and evaluationf!Se and beam radiation components (MFrday™*) can be

of the different models for the estimation of clear-sky solar computed. . o
radiation (Ineichen, 2006; Annear and Wells, 2007; Tham For the temporal downscaling of the solar radiation com-
et al., 2009). In this study, the approximation of Ineichen Ponents, the application of hourly relations between hourly
and Rerez (2002) was applied based on its implementationC! @nd hourly diffuse radiation values was initially consid-
simplicity. Thus,Rgcs can be obtained for each hour of the ered following previous works in the literature (Orgill and
day from the sun elevation angle, the altitude in meteys (Hollands, 1977; Bugler, 1977; Erbs et al., 1982). However,
the Linke turbidity factor {i.) and the air mass (AM) calcu- the aim of this work was to provide a feasible method to
lated in terms of the height and solar elevation according tdnclude topographic effects on radiation at watershed scale,
Kasten and Young (1989) arfd for air mass 2. However, and the size and heterogenelty qf the study site together with
even thoughfy can vary within a year (Mavromatakis and the lack of weather stations, which, unfortunately, are usual

Franghiadakis, 2007), a constant value of 2 was considere@ircumstances in many locations, make it unreasonable to
in this study as a first approximation. spatially interpolate hourly CI values as the spatial distri-

bution of diffuse and direct radiation shows a better corre-
_ Rges lation at a daily scale. Thus, a simpler approach is pro-
Cles= Ro =a1-exp(—az- AM - (fnit fh2- (L = D) (5) posed so that once the daily values of each component are
o ) obtained for each cell, the hourly values, @nd ryq, both
ai, az, fh1 and fi2 are empirical expressions that relate the in (MJm~2h~1)), are computed by distributing the daily

altitude of the station to the altitude of the atmospheric inter-5 0 ints throughout the day following the temporal pattern
actions (Rayleigh and aerosols). A detailed description canys oyiraterrestrial hourly radiation during the day.
be found in Ineichen andépez (2002).

Rg = Rgcs' fC|cI (4)
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Finally, hourly values of beam and diffuse radiation on Diffuse radiation
horizontal surfaces can then be transposed to give hourly
radiation on tilted surfaces and the assessment of topographitopography influences the diffuse component by modifying
effects as explained next. the portion of the overlying hemisphere visible at a certain
point. The computation of scattered and reflected radiation
2.2.2 Conversion from estimates on horizontal surfaces amounts from the atmosphere to the slopes is rather compli-

to tilted surfaces cated, owing to their non-isotropic nature. A common as-
o sumption made is that the diffuse component of solar radi-
Beam radiation ation (sky light) has an isotropic distribution over the hemi-

spherical sky. However, the non-isotropic character of dif-
Fuse radiation fields (maximum intensities near the sun and
the horizons, minimum intensities in the direction normal to
that of the sun, etc.) makes the simplified assumption suf-
ficiently unrealistic to introduce errors into calculations of
the energy incident on sloping surfaces (Temps and Coulson,
1977). Nevertheless, following the ideas of Kondratyev and
rb,py = rp(COP /cOP;) (8) Manolova (1960), who concluded that the isotropic approx-
Therefore, for the calculation of hourly beam solar radia-"‘nat.Ion 'S §uﬁ|C|ent fof pracjtlcal pur.pc')ses.(KIutcher,.1979),
. . L . the isotropic assumption will prevail in this study with the
tion on tilted surfaces, a correction in the solar coordinates_ .. . . -
. . . ) ortion of overlying hemisphere visible at each cell as the
is necessary, so that the cosine of the zenith angle mclude% . . .
the effect of slope and orientation. This corrected zenith an-. o factor controlling this component.. Thus, the hourly

ect of slop - . diffuse radiation £q g, (MIm~2h~1)) on a surface of slope
gle or illumination angleq), function of the sun-earth-tilted . Lo

. ! : . and orientatiory, is:

surface geometrical relationship, can be obtained as (Iqbaf,g

1983; Allen et al., 2006): rd gy =rd-SVF (10)
COY =sind - (singL - coSB — cospy_ - SinB - cosy )+
COS - COSw - (COSP| - 0SB +Sing| -Sing-cosy)+ (9)
COSs -sing - siny - sinw

Under the isotropic assumption, hourly beam radiation on
surface of slopeg and orientationy (rp,g, (MJ m2h-1))

for a certain hour angle«() can be expressed in terms of
the hourly beam radiation on an horizontal surfagg, (the
zenith angle §;) and a new corrected zenith angle for the
sloping surfaceq) (Igbal, 1983):

where the sky view factor, SVF, is the ratio between the

diffuse component at one given point and that on an un-
obstructed horizontal surface, so that it corrects the in-
Therefore, the main factors conditioning the fraction of beamcoming radiation incident on a flat surface to radiation

radiation are not only the slope and aspect of the location relover a sloping and possibly obstructed surface (Dubayabh,
ative to its neighbors, but also the location of the sun relative1992). Under the assumption of an isotropic sky, a con-
to the slope at each time step. A certain location is receivingstant value for the SVF can be expressed analytically in terms
direct sunlight if none of the following situations are taking of the different horizons in each direction considered, as
place: (Dozier and Frew, 1990):

— Self-shadowing due to its own slope: this takes place if 8

the vector normal to the surface forms an angle greateSVF= ) _cos8-sin’ Hy + (sing -cosy (Hy —sinHycost,)) (11)

than 90 with the solar vector (Goritez-Dugo et al., ¢o=1

2003) (e.g. north-facing hill slope and4Slope, sun in

the south at 3Dover the horizon). This situation is easy Reflected radiation

to calculate, as Eq. (7) yields a negative value.

. o Albedo refers to the global reflectance of the surface to solar

B Shqdmg cast by the nea_rby terra|.n: n th|§ case, the SURadiation. Both albedo and topography can vary over short

is hidden by a local horizon. This case is more COM- jistances, and their interaction can lead to a wide variabil-

plelx, |S|tnt(:je, _l:rr:l!kfe slopt_e and (t)r_|etnt(;;1tt|or;r,1 |t_cann((j)_t ?e ity in global solar radiation on a scale of meters (Dubayah,
calculated with Information restricted to the ImMediale y 99y " Reflected radiatiom (s, (MJ m~2h1)) can be com-

neighborhood of a given point (Dozier et al., 1981). In
order to express it mathematically, the term known as
horizon angle in a certain directign He, isintroduced 1y g, = p-[((1+cosB) /2) — SVF]- (ra+rp) (12)

as the angle between the normal to the surface and the ) ) ]
line joining this point or grid in the DEM with another where the term in brackets represents the terrain configura-

point in the same direction high enough to block so- tion factor for isotropic conditions and infinitely long slope,
lar radiation. Thus, shading by the surrounding terrain@nd o is the albedo of the surface. The spatial average of
will occur for each time step if the illumination angle is albedo is a factor which is difficult to estimate (Tasumi et

greater than the horizon angle in that direction. al., 2006). In this study, the albedo was estimated gzD
et al. (2007) from the remote sensing data available from

puted following the ideas of Dozier and Frew (1990) from:
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Landsat-5 and Landsat-7 satellites during the study periodand G the net radiation (combination of net short-wave and
After the images had been properly corrected and their renet long-wave radiation) and soil heat fluxes, respectively,
flectivity values extracted, albedo values were obtained at thdoth in mmAr water equivalentz; andes the actual and sat-
cell scale through the method proposed by Brest and Gowardration vapor pressure (kPa), respectivdlythe daily mean
(1987) and interpolated for the whole time lapse on a dailyair temperature°C) andu» the wind speed, both measured
basis. at a height of 2m above the soil surface/f). Finally, Cq
and Cy, are resistance coefficients which vary with the ref-

o erence crop, temporal time-step and, in the case of hourly
Global radiation time-steps, with daytime and night time. Here, the reference
surface defined in the FAO PM equation was considered so

Global_zra_dllatlon at an hourly ‘scale at each cely ( that for daily time steps the values@jf andCp, were 900 and
(MIm™“h" %)) was obtained as the sum of each Comloonent0.34, respectively (Allen et al., 1998; Gaail et al., 2008).

at an hourly scale once: (1) direct radiation had been €O The calculation of some of the variables involved in
rected by self-shadowing and shadows cast by nearbyterralr{he ASCE-PM equation can be found in detail depending
(2) diffuse sky radiation included the portion of the overlying n the input data available in Allen et al. (1998). Sax-
hemi_sphere th"?‘t could b_e _obstructed by nearby terrair_l, anton (1975) found out that the variable to which the equa-
(3) direct and diffuse radiation reflected by nearbyterramto-tion is most sensitive is net radiation, here expressed as
wards the location of interest had been calculated from botqhe sum of net short-wave radiatio® ' and net long

. . - ns: -
corrected .co.mponents (D‘;bayaﬁ" 1994). And finally, .da"ywave radiation,Rp, at the Earth’s surface. Net daily short-
global radiation g (MJ m™*day™*)) was calculated by in- wave radiation (Eg. 14) on the soil surface, as the dif-

tegration of the hourly global radiation estimates cell by Ce"'ference between incident and reflected radiation. can be

For the purposes of computer simulation programs, which xpressed in terms of the albedo of the surfat:e(,&).23
handle vast amounts of data, the algorithm was implemente<§or the reference surface) and the predicted incoming so-
in Matlab during the trials, and, finally, in C++ to obtain a |

e i L ar global radiation, Ry (MJ m2day1). In the same
sufficiently fast computation, considering all the processegmay the net long-wave radiation was approximated by

involved at a cell scale. Also, some of the assumptions tha q. (15) wheresam is the atmospheric emissivitg, (K)
. . . . . atm

could appear to be quite unrealistic due mainly to the scarcity, e mean air temperature andStefan-Boltzmann's constant
of data, are intended to achieve a compromise between a su 2.903x 10-° MJ K—4m~2day-1). The atmospheric emis-
ficiently represgntative c_Jistributed approximation and a high- ivity was calculated through a parametric expression by
fspee(tjhprocessmg aIgor_TE m that cag l()jetrun O(T a delskt(_)ptP errero et al. (2009) based on near-surface measurements of
rolmt_ etcorr?panson \IIZV.' Irlne;ahsure h t?] aan sflrgpller Nersolar radiation and relative humidity, valid for the local con-
polation techniques. Finally, through tne use ot dally Sam- ;¢ of the study area. Therefore, the expression for net
ples, the availability of data is enhanced as not many hourl.ylong—wave radiation remains as previously done by other au-

records are needed; this allows the use of the algorithm Nhors (Doorenbos and Pruitt, 1977; Allen, 1986: Allen et al.
mountainous areas W.hiCh lack a high frequency monitoring1998) as a modification to St’efan-B’oItzmémn’s Iélw due to th;a
network, so common in many other areas. absorption and downward radiation from the sky. Thus, the
product of the Stefan-Boltzmann’s constant and the mean air
temperature to the fourth power is multiplied by a cloudiness
and an air humidity factor (Allen et al., 1998; Donatelli et
al., 2006), both factors included in this study in the teg

The choice of a method for the calculation of@&¥epends on and so, toge’Fher with the mean.air temperature, they consti-
numerous factors. The energy available at the soil surface i&ute the only inputs to the equation.

2.3 Evaluation of the topographic effects on solar
radiation fields on reference evapotranspiration
estimates

the first control of the process, so the estimation of this factor, _ (1—a)R (14)
from accessible data sometimes conditions the method (Shut- ns g
tleworth, 1993). In this study, the ASCE-Penman Monteith Rl ~ (eatm—1)-0 - T* (15)

equation (Eqg. 13) was applied for the estimation of evapo-

transpiration over a reference surface (Allen et al., 1998):  Finally, as the algorithm is able to derive global radiation

c values at the cell scale and once the rest of the inputs to

0.408A (Rn— G) + ¥ 737731642 (€5 — €a) (13)  the ASCE-PM equation are also available at the cell scale
A+y 1+ Cduz) (Herrero et al., 2007), the influence of topographic effects is

SCE : . . evaluated in a distributed manner in £5F€, estimated af-

where E-G is the reference evapotranspiration during Ater using the topographically corrected values in comparison

certain time step (mraf); A. the slope of the vapor PrESSUIe~ \ith distributed estimates by IDW of the solar radiation data
temperature-curve saturation calculated at mean air temper-

ature (KP&/C); y the psychrometric constant (kP&); Rn recorded at the weather stations.

ASCE
ETy™ "=
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1 I
0510 20 30km

Table 2. Maximum, minimum, mean and standard deviation
(MJ m—2 h~—1) of hourly solar radiation estimates in the watershed
on the 20 November 2004 obtained by the topographic approxima-

MJ/m2/h tion and IDW to the values measured at stations with hourly avail-

4

D)iS:00 able datasets (601, 602, 603 and 802).
Washetsnl I Padieinn
| Topographic (MJm2h=1) | IDW (MIm—2h~1)
Hour | Min Max Mean o | Min Max Mean o
MJ/m2/h 08:00 | 0.03 0.83 0.18 0.09 0.214 0.29 0.19 0.04
a) 11:00 4 b) 11:00 09:00 | 0.06 2.81 0.85 0.54 039 1.21 0.92 0.18

10:00 | 0.06 3.51 1.43 0.72 092 191 1.56 0.20
11:.00 | 0.06 3.78 1.84 0.74 1.26 238 2.00 0.24
12:00 | 0.07 3.88 2.05 0.71 1.48 261 2.23 0.26
13:00 | 0.07 3.86 2.05 0.7Q 155 264 223 0.27
14:.00 | 0.06 3.74 1.83 0.7Q 1.37 2.43 2.00 0.26
15:00 | 0.06 3.46 1.40 0.68 092 195 155 0.23
¢ b) 13:00 16:00 | 0.06 2.69 0.81 0.50 0.43 1.20 0.92 0.16

..

MJ/m2/h

L B Rk |

N 17.00| 0.03 061 015 007 012 021 018 0.02
MJim2ih 3.1 Topographic corrections v. classic interpolation
¥ a)15:00 ¢ b) 15:00 techniques on solar radiation estimates

.
At the first stage, topographic information was derived from
the DEM (Fig. 1) in the study area. Slope and orientation
maps were obtained and the horizons for each cell were cal-

iy culated as stated before. Once these parameters are available

- B 17:00 for a certain area they can be used in subsequent executions

as they are considered to be independent of the time of year.
In order to compare the results obtained through the to-
pographic algorithm with those of classic interpolation tech-
niques at an hourly scale, a reference day was selected. This
date, 20 November 2004, was chosen as it was cloudless
and it had not rained for several days. This condition is
very important for the albedo estimation from remote sens-

In order to run the proposed set of algorithms at the watering images, as the presence of moisture in the environment
shed scale, hourly global radiation was calculated from eachinfluences the quality of the estimates, and, therefore, con-
30x 30 n? cell of the DEM in the study area for the period Secutively dry days are most suitable for an accurate perfor-
comprised between 4 November 2004 and 2 July 2010. mance. Moreover, remote sensing images were available for
The results are organized into three sections. Firstly, comthis date, and, therefore, the errors due to the temporal inter-
parisons of the results obtained through the topographic radipolation of albedo values were minimized.
ation algorithm previously exposed with those derived from  The hourly sequence of global radiation, as the sum of
a classical interpolation technique are shown. Secondlygach component at an hourly scale once each component has
the suitability of the results at different temporal scales isbeen properly corrected, is shown in Fig. 2a, where the spa-
presented through its comparison with field measurementdjal gradient in hourly global radiation is evident. On the
proving the accuracy of the estimated values for hydrologi-whole, it can be seen that the locations receiving more ra-
cal distributed modeling. Finally, in order to address the hy-diation are those in the highest part of the watershed, with
drologic importance of using topographically corrected solara south-facing orientation that remains unobstructed during
radiation fields over uniform values obtained through clas-most of the hours of daylight.
sical interpolation techniques, the influence of both estima- In order to assess the potential of the topographic correc-
tions as inputs to reference evapotranspiration computationgons, a simple interpolation technique was applied for the
is evaluated. same date. For this, the inverse distance weighed was ap
plied to the hourly values of global radiation measured in the
stations with available hourly datasets (Fig. 2b) and the ba-
sic statistics were computed. Thus, absolute minimum and

Fig. 2. Hourly global radiation(a) topographically corrected vs.
(b) IDW interpolated (20 November 2004).

3 Results and discussion
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Table 3. Maximum, minimum, mean and standard deviation (MFday 1) of daily solar radiation estimates in the watershed on selected
days obtained by the topographic approximation and IDW to the values measured at stations with daily available datasets (601, 602, 603,
702 and 802).

| Topographic (MJm?2day?) | IDW (MJ m—2day 1)

Day | Min  Max Mean o | Min Max Mean o

20/11/2004| 0.56 24.77 1259 4.31 10.67 14.40 13.08 0.66
01/01/2005| 0.50 23.26 11.03 4.23 7.72 1455 1123 1.45
30/03/2005| 0.93 29.81 23.27 3.52 20.98 26.97 2426 1.30
02/06/2005| 3.77 31.94 2794 209 27.30 30.93 2955 0.77
20/07/2005| 2.86 29.41 2453 2.39 20.18 28.78 26.22 1.36

maximum values in the watershed, as well as the mean angj ]
standard deviation of the hourly estimates through both dis- 2
tributed computations, are shown in Table 2. It can be seen
that even though the mean values in the watershed preser
a slightly similar order of magnitude, differences in the stan-
dard deviation, maximum and minimum values between both =
methodologies were remarkable in every hour of the day. .. e
From contrasting results between Fig. 2a and b, not only
was a huge difference visible in the distributed values of the
variable cell by cell, but also noticeable was the wider range
of global values in the watershed, when topographic factors
are taken into account, as shown by the maximum, minimum
and standard deviation values in Table 2. In this latter case, =
extreme values, far exceeding the measured values, repre ] el
sent extreme conditions, such as high areas remaining unob-
structed most of the daytime and sometimes receiving almosfig. 3. Daily global radiation (20 November 200¢3) topograph-
double the values obtained through interpolation of the datdcally corrected vs(b) IDW interpolated, and annual global radia-
recorded at the stations or, at the other end of the scale, vation (1 September 2004-31 August 20@8) topographically cor-
leys that receive minimal or even zero quantities of solar ra-récted vs(d) IDW interpolated.
diation, due to the configuration of the surrounding terrain.
The higher maximum hourly estimates and standard devia-
tion values, as well as the lower minimum hourly estimatesas much as an extra 42% in the estimated daily values com-
obtained by the topographic approximation (Table 2), quan-pared with those obtained through spatial interpolation with-
tify this fact. As a result, processes such as evaporation oout consideration of topography, predominantly on the south-
snowmelt, which rely heavily on solar radiation, can be mis-facing hillsides in the northern part of the watershed, and un-
calculated under a wide range of conditions, such as overesderestimations of up te-1800 % in certain cells obstructed
timations in areas obstructed by nearby terrain or underestimost of the daytime, with a mean difference-e4% in the
mations in the upper and exposed regions of the watershedyhole watershed. In addition, the same computation was ap-
among others. plied for different cloudless days when there were remote
Hourly values can be aggregated in each cell at the resensing images available (1 January 2005, 30 March 2005,
quired temporal scale. In this way, Fig. 3 represents the2 June 2005 and 20 July 2005). Table 3 again shows the same
spatial distribution of daily global radiation on 20 Novem- general trend in the basic statistics (absolute minimum and
ber 2004 estimated through the topographic algorithmmaximum values and the mean and standard deviation of the
(Fig. 3a) and from IDW (Fig. 3b), respectively. Again, the daily estimates in the watershed) for all the days considered:
same conclusions can be drawn as at an hourly time stefgroximity in the mean values obtained by both methodolo-
since maximum and minimum values found in the watershedgies, but considerable differences in the extreme values and
considering topographic effects are quite different to thosein the standard deviation, as stated before.
obtained through IDW and the daily values recorded at the Finally, the same comparison for the hydrological year
weather stations (Table 1). Thus, we found differences 0f2004, from 1 September 2004 to 31 August 2005 (Fig. 3c

MNmaday
S

Mim2iyear Mlimyoar
B500 20
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Table 4. Maximum, minimum, mean and standard deviation (MFnear-1) of annual solar radiation estimates in the watershed obtained
by the topographic approximation and IDW to the annual accumulated values measured at stations with daily available datasets (601, 602,
603, 702 and 802).

| Topographic (MIm?2yeart) | IDW (MJ m—2year 1)

Year \ Min Max Mean o \ Min Max Mean o
2004-2005| 773.4 8594.8 6701.8 910.86127.8 7794.2 7019.0 370.0
2005-2006| 799.3 8362.5 6464.6 861.p6009.3 7586.7 6750.2 353.4
2006-2007| 803.6 8144.3 6372.9 809.f 6020.1 74295 6558.3 326.6
2007-2008| 779.1 8337.9 6548.4 858.56280.0 7562.1 6782.6 286.5
2008-2009| 784.9 8210.5 6395.9 813.26032.1 7467.2 6633.6 312.1
2009-2010| 650.6 6242.9 4233.8 660.14478.0 6416.6 5436.2 391.6
802 N R ' '
a0 10 - . @ J
R -8R
35| %5 -M!S&Z.U?Mmzfdaﬁ ......... 35
R%=0.93 :
- H e 301 -
§25
E 2 Ezof 1
o 2
NE 20 15+ 4
g 10!
18k
& il |
10 . 0 Jan09 Jan10
5 .
F : ] i Fig. 5. Extraterrestrial solar radiationkg), observed Rqo), and
O 2 = o % 1w » = w«© predicted Rgp) global radiation (MJ m2 day~?) at station 802 for

Ry, (MJim?iday) Ry {MJim?iday) the evaluation period (4 November 2004—2 July 2010).

Fig. 4. Observed Rgo), and predictedKgp) global daily radiation
(MJ m—2 day1) at station 702 and 802 for the evaluation period
(4 November 2004-2 July 2010).

3.2 Validation of topographic corrections

The radiation values generated from datasets of stations 601,
602 and 603 were compared to the radiation measurements
and d) resulted in a mean excess of 323.75M3year’  at stations 802 and 702 and the agreement between gen-
with a standard deviation of 860 MJtAyear! when ap-  erated and measured data was evaluated through 1:1 lines.
plying IDW over the topographic computation and extreme The period considered in the evaluation was determined by
differences of the same order of magnitude as at the dailjthe availability of data in the weather station 802, which in-
time step. The same comparison for the rest of the hydrologcjuded almost six hydrological years, from 4 November 2004
ical years of the study period can be seen in Table 4, whergo 2 July 2010. However, even though station 702 presents
the last year is incomplete as data from July and August 201@parse measurements from the beginning 2008 until nowa-
were not yet available. Once again, higher extremes and startays, the adjustment for the rest of the period is shown.
dard deviation values through the topographic approximation - As regards daily values, a close agreement between gen-
were obtained. However, unlike at hourly and daily time erated Rgp) and measuredRyo) values can be observed in
scales, the accumulation of differences at annual scale leadsiy. 4 as points tend to line up around the 1:1 line. A very
to a certain variability in the mean values of annual radiationg|ight underestimation in the generated values can also be ap-
estimates in the watershed between both methodologies fasreciated, with the topographic approximation underestimat-
every hydrological year (200-300 MJthyear ). ing the values measured at both stations 702 and 802 by 3
and 2%, respectively. At station 802, these underestimations
take place especially in summer periods of years receiving
more radiation than the average (2006 and 2007) as depicted
in Fig. 5. However, this slight disagreement between both
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measured and generated values appears to be more related 802
the direct interpolation of the cloudiness factor and to the fact 5

that in those periods the availability of remote sensing im- 45} .’.g;.j‘.’:??.’gqf........?...
ages for an accurate estimation of albedo was more limited e cod TR T W PO
F - RMSE=B.36MMm | oo E

than to the assumptions of the topographic approximation ap-
plied in this study. Also, the low RMSE values as well as the g it
proximity of R? estimates to 1 at both stations demonstrate & il
the ability of the topographic approximation to estimate so- & ’
lar radiation in high elevations even when the only available E .
datasets come from weather stations that are located atarel & 2
atively low elevation compared to the mean height of the 15 1e
watershed. To conclude, the accuracy of predicted hourly ;
values was assessed in station 802, where measurements
this time scale were available. Despite the scattering effect
observed in Fig. 6, which shows the agreement between pre:
dicted gp) and measured-§,) hourly values for the evalua-
tion period, we can say that the algorithm reasonably predicts
the observed data with B2 of 0.87, especially considering
the time scale and some of the assumptions of the algorithn;i9. 6. Observed go), and predictedrgp) global hourly radiation
which at this time step might appear to be rather simplistic.(MIm~2h~1) at station 802 for the evaluation period (4 Novem-
Therefore, the installation of a denser monitoring network Per 2004-2 July 2010).

provided with solar devices recording hourly direct and dif-

fuse radiation data may improve the results. Firstly, it would

provide the spatial scheme required for the spatial interpolaTable 5. Linear fits of observedrgo), and predictedrgp) global
tion of hourly values. Secondly, it would allow the inclusion hourly radiation (MJ 2 h—1) at station 802 for certain dates.

of more factors for the spatial distribution of th&Clg as

prt_aviously suggested. Finall_y, the der_ivgtion of hourly corre- Equation type| rgp=a-rgo rgp=a-rgoth

lations between the hourly diffuse radiation and the Cl would a R2 | 4 b R2

be reasonable in the study area. To sum up, the possibility of
working at finer scales would be the ideal as the geometrical
relationships involved in the calculation of extraterrestrial ra- a) 4/11/2004 | 0.77 0.58| 0.55 0.26  0.75
diation are continuous in time. However, independently of b) 4/12/2004 | 0.42  0.47] 0.29  0.20 0.61
this continuous nature of extraterrestrial radiation, the time €) 5/02/2005 | 0.92  0.05[ 0.36 0.71 0.19
scale of the computation of the incoming solar radiation is Non events
determined by the temporal frequency of the monitoring net- d) 15/11/2004| 0.95 0.97| 0.98 —0.04 0.97
work. Nevertheless, the calculations with aggregated hourly e) 15/12/2004| 1.05 0.89| 1.03 0.04 0.89
values at higher temporal scales such as the daily time step ) 20/02/2005 | 0.99 0.73| 0.88 0.32 0.76
showed the same degree of detail as at the hourly time scale
(R? around 0.9).

Finally, since cloudless skies are required for an accurate
characterization of the albedo from remote sensing images,
the results at an hourly time step were analyzed considerobserved hourly values, which could be improved with the
ing this effect. Thus, two different atmospheric situations consideration of the variation in cloudiness at an hourly time
in terms of the occurrence of rainfall are defined as an in-step and a more detailed study of the temporal variation in
dicator of the cloudiness in the atmosphere: events (when ithe albedo in the area. In any case, the worst fits obtained in
rains somewhere in the watershed) and non-events (period¥tuations when events occur are expected to be more closely
between events). Figure 7 represents hourly values for everielated to the separation of the different components in the
days on the left-hand side (a, b, ¢) and non-events on the righglobal radiation value than to the topographic interpolation
(d, e, ). process.

Table 5 shows different linear fits for each day represented Nevertheless, these results are considered to be acceptable
in Fig. 7 and its calculated®? values. As was expected, in the framework of the present study as the estimation of
the predicted values were much better for cloudless skies oglobal radiation in semiarid environments is especially im-
non-events when acceptabk¥ values were obtained even portant for cloudless days, when evaporation processes and
when forcing the adjustment to reach the origin. However, assnowmelt must be considered in water and energy balance
with daily values, the algorithm slightly underestimated the modeling. This is especially true considering that cloudless

1

2,
T o (MJIM2ih)

Events
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Fig. 7. Scatter plots of observedy), and predictedrfyp) global hourly radiation (MJ m?2 h~1) at station 802 for certain dates.

3.3 Influence of the inclusion of topographic corrections
on hydrological variables: ETg

Finally, a distributed computation of gTwas applied for the
same reference day of Sect. 3.1 (Fig. 8a) and the hydrological
year 2004 (Fig. 8c) (1 September 2004 to 31 August 2005)
once all the variables involved in the ASCE-PM equation had
been spatially derived including topographic effects. Also,
the ASCE-PM equation was computed with solar radiation
surfaces obtained through IDW of the data recorded at the
stations as inputs to the equation (Fig. 8b and d) in order
to prove the importance of solar radiation fields which in-
clude topographic corrections. Again, in Fig. 8a and c, not
only the apparent spatial variability of G Estimates cell by

i e — cell which follows the topographic gradient can be seen, but
also a wider range of values in the watershed than with IDW-
interpolated solar radiation fields as inputs (Fig. 8b and d).
Besides, in this latter case, EEstimates in the watershed
appear to be more influenced by the spatial distribution of
other variables than by solar radiation (e.g. temperature in
Fig. 8b). This spatial variability is quantified in terms of
the basic statistics of the distributed estimates through both
methodologies for the rest of the reference days and hydro-

days constitute a higher rate than cloudy days associated witlpgical years, respectively (Table 6 and 7). Again, mean
situations when events occur in a Mediterranean area like th&alues of the same order of magnitude at daily scale but

present study site: in this case, around 75% of clear sky day¥ery extreme values for the maximum and minimum es-
for the evaluation period. timates when using the topographic corrected solar radia-

tion, and, therefore, higher standard deviation values than
with IDW-interpolated solar radiation fields as inputs (Ta-
ble 6) can be noted. However, as annual estimates gf ET
are obtained by integration of daily estimates ofgElhe

Fig. 8. Daily ETg with global radiation (20 November 2008) to-
pographically corrected v¢b) IDW interpolated, and annual BT
with global radiation (1 September 2004—-31 August 2q65lopo-
graphically corrected v¢d) IDW interpolated.
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2004-2005 2005-2008

Accumulated Difference =61.57 mm/year Accumulated Difference =51.07 mm/year

ETODWAE Tamp (mm/day)
ETomw-E Tamp (mm/day)

2006-2007 2007-2008

Accurnulated Difference =61.05 mm/fyear Accumulated Difference =50.55 mm/year

ETO‘DWAETQTW (mmiday)
Eanw-ETanp (mmiday)

Oct Jan Apr Jul

2002-2009 2002-2010

Accumulated Diference =59.39 mmifyear Accumulated Difference =38.81 mmiyear

ETOlnw‘E Tamp (mm/day)

ETomw-E Tamp (mm/day)

QOct Moy Dec  Jan  Feb Mar  Apr May Jun Jul

Fig. 9. Dally differences between mean g Estimates at watershed scale with global radiation IDW interpolated and topographically
corrected (Efipw—EToTtop)-

Table 6. Maximum, minimum, mean and standard deviation (mm/day) of daily evapotranspiration estimates in the watershed on selected
days with global radiation topographically corrected and IDW interpolated.

| Topographic (mm/day) | IDW (mm/day)

Day | Min  Max Mean o | Min Max Mean o

20/11/2004| 0.15 3.60 1.68 0.74 090 220 171 0.26
01/01/2005| 0.10 3.30 135 0.70 0.60 190 136 0.24
30/03/2005| 0.20 5.42 3.89 0.61 3.30 4.80 4.07 0.22
02/06/2005| 0.20 5.64 4.42 0.43 420 560 477 0.25
20/07/2005| 0.90 7.12 546 0.74 3.30 7.10 578 0.64

accumulation of the differences between both methodolo-mean annual rainfall varies from 450 mm/year on the coast

gies at finer scales becomes apparent in the mean annutd 800 mm/year on the highest peaks may constitute a con-

values (around 60 mm/year) at watershed scale from botlsiderable source of error in the water balance when apply-

methodologies (Table 7). ing distributed hydrological models for the management and
Finally, Fig. 9 represents the mean daily difference at wa-planning of water resources.

tershed scale for each hydrological year ofgEEEtimations

when using IDW-interpolated and topographically-corrected

solar radiation fields. It can be seen that there is a generad Conclusions

overestimation with IDW-interpolated solar radiation fields

every day of the year. Also, these overestimations followDifficulties are sometimes encountered in utilizing available

the temporal pattern of solar radiation, and so the biggessolar radiation data, since they consist primarily of total (di-

differences (0.4 mm/day) take place in summer, when the im+ect plus diffuse) radiation only, and a knowledge of the val-

portance of E in the water balance is greater. Considering ues for each component is often required, especially for the

the mean statistics of the difference between both computaconsideration of topographic effects as they affect each com-

tions on an annual basis, a mean excess of 61 mm/year andonent differently.

standard deviation of 142 mm/year in &stimations when Thus, detailed time-series radiation surfaces have been

using IDW-interpolated solar radiation fields were obtaineddeveloped, using limited data and relatively simple meth-

for the study period. These differences in an area where theds, to run distributed energy and water balance models in
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Table 7. Maximum, minimum, mean and standard deviation (mm/year) of annual evapotranspiration estimates in the watershed on selected
days with global radiation topographically corrected and IDW interpolated

\ Topographic (mm/year) | IDW (mm/year)

Year | Min  Max Mean ¢ | Min Max Mean o

2004-2005| 83.2 1472.6 11179 159.6898.8 13584 1179.9 66.5
2005-2006| 75.7 1386.9 1020.7 1452 862.2 1286.1 1081.8 57.4
2006-2007| 179 1317.6 992.7 137.1 917.3 1221.8 1053.6 49.9
2007-2008| 51.4 1360.1 1036.2 143.2981.1 12456 1096.8 46.8
2008-2009| 78.8 1325.7 1032.3 13159394 1236.2 1091.6 44.2
2009-2010| 42.8 943.6 702.1 103.4 632.1 864.3 747.6 32.9

mountainous Mediterranean environments. The interpolatiomcknowledgementsThis work was funded by the Andalusian
is managed through linear interpolation of the cloudiness ef-Water Institute in the projecPilot study for the integral man-
fects and the variation of the CI with elevation as a clue toagement of the Guadalfeo river watershedd by the Regional
mean daily radiation, plus topographic properties geometri__lnnovation,' Scien'ce ahq Enterprise Ministry grant for PhD training
cally related to the sun’s position at hourly intervals. Thesel" Andalusian Universities and Research Centers.

calculations are easy to reproduce from standard weather st%-d.t dbv: X, Li

tion datasets. The significant incidence of topography on ted by- A H
the values of global solar radiation throughout the watershed

has been demonstrated by the results of the topographic so-

lar radiation algorithm proposed. In this sense, differencesReferences

of as much as an extra 42% in the estimated daily values

compared with those obtained through spatial interpolationAguilar, C.: Scale effects in hydrological processes. Application
without consideration of topography, and underestimations to th_e Guadalfeo river watershed (Granada). PhD The3|§. Uni-
of up to—1800% in certain cells obstructed most of the day- versity of Gdrdoba, http://www.cuencaguadalfeo.com/archivos/

time were found. This affects the modeling of the slow but %gg alfeo/Tesis/TesisCren.pdf last access: 5 April 2010,

thorough drying out Ofthe watershed durmg perlqu betWeer]ﬂxllen, R. G.: APenman for all seasons, J. Irrig. Drain. Eng. ASCE.,
events and the modeling of the snowmeltin the highest areas, 115 343368 1986.
among other processes. Allen, R. G., Pereira, L. S., Raes, D., and Smith, M.: Crop evapo-
The simulated results fit the measured values of global ra- transpiration, guidelines for computing crop water requirements,
diation at the 2510 m high monitoring point established for Irrig. and Drain. Pap., 56. U.N. Food and Agric. Organ., Rome,
this work really well, with a correlation of 0.93 for daily val- 1998.
ues, and a RMSE of 2MJm day 1, that confirms the va- Allen, R. G., Trezza, R., and Tasumi, M.: Analytical integrated
lidity of the assumptions made in the algorithm, as the pre- functions for daily solar radiation on slopes, Agric. For. Meteo-
vious paragraphs have justified. However, the simulated re- rol., 133’ ?_5_73a zv(\)/oﬁ' S A: A . i del
sults constitute a further approach to the accurate characteft""ea" R. L. and Wells, S. A.. A comparison of five models
ivati f th tial distributi f hourlv alobal radiati for estimating clear-sky solar radiation, Wat. Resour. Res., 43,
Ization of the spatial distribution of hourly global radialion 14415 ¢0i:10.1029/2006WR005055, 2007.
values in mountainous areas with scant data recording sit€Sponic, 0.: Modelling daily topographic solar radiation without
On-gomg_work W|”. Fievelop a fU.rther app_roach, and_ test  sjte-specific hourly radiation data, Ecol. Modelling, 113, 31-40,
the inclusion of additional corrective terms in the cloudiness 199s.
factor through the establishment of two additional weatherArnold, J. G., Srinivasan, R., Muttiah, R. S., and Williams, J. R.:
stations equipped with pyranometers at points with an in- Large area hydrologic modelling and assessment-Part I: model
creasing height above sea-level and distance from the sea.  development, J. Amer. Water Res. Assoc., 34, 73-89, 1998.
The importance of considering the topographic gradients3atles, J., Bosch, J. L., Tovar-Pescador, J., Mad-Durtan, M.,

in the spatial distribution of solar radiation for the study of ~ ©Ortega. R., and eralltlesl,)I.l. Dde_te_rmur_latuon of e;tmosplhenc pa-
hydrological processes in which this variable plays a cru- ameters to estimate global radiation in areas of complex topog-

: . . . . raphy: Generation of global irradiation map, Energ. Convers.
cial role became evident against g€stimates with solar

diation fields obtained th hcl ical lati h Manage., 49, 336-345, 2008.
rg lation fields obtained throug caSS|ca. interpolation tec Bingner, R. L. and Theurer, F. D.: AnnAGNPS Technical Processes.
niques of data recorded at Weather stations. Thus, a mean yspa-ARS. National Sedimentation Laboratory, 2003.
excess of 61 mm/year was found with IDW-interpolated so-prest, C. L. and Goward, S. N.: Deriving surface albedo measure-
lar radiation fields as inputs to the ASCE-PM equation with  ments from narrow band satellite data, Intern. J. Remote Sens.,
the highest overestimations taking place in summer periods. 8, 351-367, 1987.

Hydrol. Earth Syst. Sci., 14, 2472494 2010 www.hydrol-earth-syst-sci.net/14/2479/2010/


http://www.cuencaguadalfeo.com/archivos/Guadalfeo/Tesis/TesisCris_en.pdf
http://www.cuencaguadalfeo.com/archivos/Guadalfeo/Tesis/TesisCris_en.pdf

C. Aguilar et al.: Topographic effects on solar radiation distribution in mountainous watersheds 2493

Bugler, J. W.: The determination of hourly insolation on an inclined Gavilan, P., Edivez, J., and Berengena, J.: Comparison of standard-
plane using a diffuse irradiance model based on hourly measured ized reference evapotranspiration equations in southern Spain, J.
global radiation insolation, Sol. Energy, 19, 477-491, 1977. Irrig. Drain. Eng., 134, 1-12, 2008.

Chen, R., Kang, E., Ji, X., Yang, J., and Wang, J.: An hourly so- Gonzlez-Dugo, M. P., Chica-Llamas, M. C., and Polofez, M.
lar radiation model under actual weather and terrain conditions: J.: Modelo topogdafico de radiadn solar para Andalia, in:

A case study in Heihe river watershed, Energy, 32, 1148-1157, XXI Congreso Nacional de Riegos,évida, 53-55, 2003.
2007. Graham, D. N. and Butts, M. B.: Flexible, integrated watershed

Collares-Pereira, M. and Rabl, A.: The average distribution of solar modelling with MIKE SHE, in: Watershed Models, edited by:
radiation — Correlations between diffuse and hemispherical and Singh, V. P. and Frevert, D. K., CRC Press, Boca Raton, 245—
between daily and hourly insolation values, Sol. Energy, 22, 155— 272, 2005.

164, 1979. Herrero, J.: Modeloisico de acumuladhn y fusbn de la nieve.

Cronshey, R. G. and Theurer, F. D.: AnnAGNPS-Non-Point Pol-  Aplicacion a Sierra Nevada (Esfia). PhD Thesis, University of
lutant Loading Model, in: Proceedings First Federal Interagency Granadahttp://www.ugr.estherrerq last access: 5 April 2010,
Hydrologic Modeling Conference, 19-23 April 1998, Las Vegas, 2007 (in Spanish).

NV, 1-9 to 1-16, 1998. Herrero, J., Aguilar, C., Polo, M. J., and Losada, M.: Mapping
Diaz, A.: Temporal series of vegetation for a distributed hy- of meteorological variables for runoff generation forecast in

drological model. Master Thesis, University ofooba, distributed hydrological modeling., in: Proceedings, Hydraulic

http://www.cuencaguadalfeo.com/archivos/Guadalfeo/Libros/ Measurements and Experimental Methods 2007 (ASCE/IAHR),

TFM_Adolfo%20D%C3%ADaz.pdflast access: 5 April 2010, Lake Placid, NY, 606—-611, 2007.

2007 (in Spanish). Herrero, J., Polo, M. J., Mono, A., and Losada, M.: An energy

Diodato, N. and Bellocchi, G.: Modelling solar radiation over com-  balance snowmelt model in a Mediterranean site, J. Hydrol., 271,
plex terrains using monthly climatological data, Agric. For. Me-  98-107, 2009.
teorol., 144, 111-126, 2007. Ineichen, P.: Comparison of eight clear sky broadband models
Donatelli, M., Bellocchi, G., and Carlini, L.: sharing knowledge via against 16 independent data banks, Sol. Energy, 80, 468-478,
software components: Models on reference evapotranspiration, 2006.
Europ. J. Agronomy, 24, 186-192, 2006. Ineichen., P. and&ez, R.: A new airmass independent formulation
Doorenbos, J. and Pruitt, W. O.: Guidelines for predicting crop wa- for the Linke Turbidity coefficient, Sol. Energy, 73, 151-157,
ter requirements, Irrig. and Drain. Pap., 24. U.N. Food and Agric.  2002.
Organ., Rome, 1977. Igbal, M.: Prediction of hourly diffuse radiation from measured
Dozier, J.: A clear-sky spectral solar radiation model for snow- hourly global radiation on a horizontal surface, Sol. Energy, 24,
covered mountainous terrain, Wat. Resour. Res., 16, 709-718, 491-503, 1980.

1980. Igbal, M.: An introduction to solar radiation, Academis Press
Dozier, J., Bruno, J., and Downey, P.: A faster solution to the hori- Canada, Ontario, 1983.
zon problem, Comp. Geosci., 7, 145-151, 1981. Jacovides, C. P., Hadjioannou, L., Pashiardis, S., and Stefanou, L.:

Dozier, J. and Frew, J.: Rapid calculation of terrain parameters On the diffuse fraction of daily and monthly global radiation for
for radiation modeling from digital elevation data, IEEE Trans.  the island of Cyprus, Sol. Energy, 56, 565-572, 1996.

Geosci. Remote Sens., 28, 963-969, 1990. Kambezidis, H. D., Psiloglou, B. E., and Gueymard, C.: Measure-

Dubayah, R. C.: Estimating net solar radiation using Landsat The- ments and models for total solar irradiance on inclined surface in
matic Mapper and digital elevation data, Wat. Resour. Res., 28, Athens, Greece, Sol. Energy, 53, 177-185, 1994.

2469-2484, 1992. Kasten, F. and Young, A. T.. Revised optical air mass tables and

Dubayah, R. C.: Modeling a solar radiation topoclimatology for the  approximation formula, App. Optics., 28(22), 4735-4738, 1989.
Rio Grande river watershed, J. Veg. Sci., 5, 627-640, 1994. Klutcher, T. M.: Evaluation of models to predict insolation on tilted

Dubayah, R. and van Katwijk, V.: The topographic distribution of  surfaces, Sol. Energy, 23, 111-114, 1979.
annual incoming solar radiation in the Rio Grande river basin, Kondratyev, K. J. and Manolova, M. P.: The radiation balance on
Geoph. Res. Let., 19, 2231-2234, 1992. slopes, Sol. Energy, 4, 14-19, 1960.

Erbs, D. G, Klein, S. A., and Duffie, J. A.: Estimation of the diffuse Li, X., Koike, T., and Cheng, G. D.: Retrieval of snow reflectance
radiation fraction for hourly, daily and monthly average global  from Landsat data in rugged terrain, Ann. Glaciol., 34, 31-37,
radiation, Sol. Energy, 28, 293—-302, 1982. 2002.

Essery, R. and Marks, D.: Scaling and parametrization of clear-skyLiu, B. Y. H. and Jordan, R. C.: The interrelationship and character-
solar radiation over complex topography, J. Geophys. Res., 112, istic distribution of direct, diffuse and total solar radiation, Sol.
D10122, doi:10.1029/2006JD007650, 2007. Energy, 4, 1-19, 1960.

Flint, A. L. and Childs, S. T.: Calculation of solar radiation in Martinez-Durtan, M., Zarzalejo, L.F., Bosch, J. L., Rosiek, S.,
mountainous terrain, Agric. For. Meteorol., 40, 233-249, 1987. Polo, J., and Batlles, F. J.: Estimation of global daily irradia-

Frohlich, C. and Brusa, R. W.: Solar radiation and its variation in  tion in complex topography zones using digital elevation models
time, Solar Phys., 74, 209-215, 1981. and meteosat images: Comparison of the results, Energ. Convers.

Garen, D. and Marks, D.: Spatially distributed energy balance Manage., 50, 2233—-2238, 2009.
snowmelt modelling in a mountainous river watershed: estima-Mavromatakis, F. and Franghiadakis, Y.: Direct and indirect de-
tion of meteorological inputs and verification of model results, J.  termination of the Linke turbidity coefficient, Sol. Energy, 81,
Hydrol., 315, 126-153, 2005. 896-903, 2007.

www.hydrol-earth-syst-sci.net/14/2479/2010/ Hydrol. Earth Syst. Sci., 14, 24242010


http://www.cuencaguadalfeo.com/archivos/Guadalfeo/Libros/TFM_Adolfo%20D%C3%ADaz.pdf
http://www.cuencaguadalfeo.com/archivos/Guadalfeo/Libros/TFM_Adolfo%20D%C3%ADaz.pdf
http://www.ugr.es/~herrero

2494 C. Aguilar et al.: Topographic effects on solar radiation distribution in mountainous watersheds

Millares, A.: Integraddn del caudal base en un modelo distribuido Spencer, J. W.: A comparison of methods for estimating hourly dif-

de cuenca. Estudio de las aportaciones sudnteas enios de fuse solar radiation from global solar radiation, Sol. Energy, 29,
montdia. PhD Thesis, University of Granadtp://www.ugr.es/ 19-32, 1982.
local/mivalag last access: 5 April 2010, 2008 (in Spanish). Susong, D., Marks, D., and Garen, D.: Methods for developing

Moore, I. D., Grayson, R. B., and Ladson, A. R.: Digital terrain  time-series climate surfaces to drive topographically distributed
modelling, a review of hydrological, geomorphological and bio-  energy- and water- balance models, Hydrol. Processes, 13, 2003—
logical applications, Hydrol. Processes, 5, 3-30, 1991. 2021, 1999.

Orgill, J. F. and Hollands, K. G. T.: Correlation equation for hourly Tasumi, M., Allen, R. G., and Trezza, R.: DEM based solar radi-
diffuse radiation on a horizontal surface, Sol. Energy, 19, 357— ation estimation model for hydrological studies, Hydrolog. Sci.
359, 1977. Tech., 22, 1-4, 2006.

Ranzi, R. and Rosso, R.: Distributed estimation of incoming directTemps, R. C. and Coulson, K. L.: Solar radiation incident upon
solar radiation over a drainage basin, J. Hydrol., 166, 461-478, slopes of different orientations, Sol. Energy, 19, 179-184, 1977.
1995. Tham, Y., Muneer, T., and Davison, B.: A generalized procedure

Refsgaard, J. C. and Storm, B.: MIKE SHE, in: Computer Mod-  to generate clear-sky radiation data for any location, Int. J. Low-
els of Watershed Hydrology, edited by: Singh, V. P., Water Re-  Carbon Tech., 4, 205-212, 2009.
sources Publications, USA, 809-846, 1995. Tian, Y. Q., Davies-Colley, R. J., Gong, P., and Thorrold, B. W.:

Ruth, D. W. and Chant, R. E.: The relationship of diffuse radiation  Estimating solar radiation on slopes of arbitrary aspect, Agric.
to total radiation in Canada, Sol. Energy, 18, 153—-154, 1976. For. Meteorol., 109, 67-74, 2001.

Saxton, K. E.: Sensitivity analyses of the combination evapotran-Vazquez, R. F., Feyen, L., Feyen, J., and Refsgaard, J. C.: Effect of
spiration equation, Agric. Meteorol., 15, 343-353, 1975. grid size on effective parameters and model performance of the

Suehrcke, H.: On the relationship between duration of sunshine and MIKE-SHE code, Hydrol. Processes, 16, 355-372, 2002.
solar radiation on the earth’s surfaéimgstrbm’s equationrevis-  Vazquez, R. F. and Feyen, J.: Effect of potential evapotranspiration
ited, Sol. Energy, 68, 417-425, 2000. estimates on effective parameters and performance of the MIKE

Shuttleworth, W. J.: Evaporation, in: Handbook of hydrology, = SHE code applied to a medium-size catchment, J. Hydrol., 270,
edited by: Maidment, D. R., McGraw-Hill, New York, 4.1-4.53, 309-327, 2003.

1993. Yang, K., He, J., Tang, W. J., Qin, J., and Cheng, C. C. K.: On

Singh, R., Subramanian, K., and Refsgaard, J. C.: Hydrological downward shortwave and longwave radiations over high altitude
modelling of a small watershed using MIKE SHE for irrigation regions: Observation and modeling in the Tibetan Plateau, Agric.
planning, Agric. Water Manage., 41, 149-166, 1999. Forest. Meteorol., 150, 38-46, 2010.

Hydrol. Earth Syst. Sci., 14, 2472494 2010 www.hydrol-earth-syst-sci.net/14/2479/2010/


http://www.ugr.es/local/mivalag
http://www.ugr.es/local/mivalag

