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Two decades of distributed global radiation time series across a
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Abstract. The main drawback of the reconstruction of high resolution distributed global radiatjprirfle series in
mountainous semiarid environments is the common lack of stbéised solar radiation registers. This work presents nineteen
years (200€2018) of high spatial resolution (30 maily, monthly,and annual global radiation maps derived usireGIS-
basednodel proposed by Aguilar et al. (2010) in a mountainous area in southern Europe: Sierra Nevada (SN) Mountain Range
(Spain). The model was driven by in situ daily global radiation measurements, from sixteen weather stations with historical
records in the area, 30 mdigital elevation modeand 240 cloudree Landsat image§he applicability of the modeling
scheme was validated against daily global radiagmordsat the weather stations. Mean RMSE values of 2.63 Mday*

and best egtiations on cleasky days were obtaineBaily Ry at weather stations revealed greater variations iméeémum
valuesbut no clear trends with altitude in any of the statistics. However, at the monthly and annual scales, there is an increas
in the highextreme statistics with the altitude of the weather station, especially above 1500 koathly Ry mapsshowed
significant spatial differences of up to 200 M¥ month? that clearly followed the terrain configuration. July and December
were clearly he months with the highest and lowest valuesgEReived and the highestatterin the monthly Bvalues was

found in the spring and fall monthiBhe monthly R distribution was highly variable along the study period (22008). Such
variability, espeially in the wet season (Octobkray), determined the inter annual differences of up to 800 Myear! in

the incoming global radiation in SN'he time series of the surface global radiation datasets here provided can be used to
analyze intelannual ad seasonal variation characteristics of the global radiation received in SN with high spatial detail (30
m). They @nalso be used as cregalidation reference data for other global radiation distributed datasets generated in SN
with different spatietemporal interpolation technique®aily, monthly, and annuabatasetsn this studyare available at
https://doi.pangaea.de/10.1594/PANGAEA.921(Aguilar et al.,2021).
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1 Introduction

High mountain areas in semiarid environments present singular characteristics due to the continuous interaction of alpine
conditions in the summits with the surrounding semiarid clinfdtey play a key role as water providers during the weamth

dry season when they often constitute the only water source for many Heees.water fluxes from the snowpacks show a

shift from the predominant partition between snowmelt and sublimation usually found in colder and wetter climates on an
annual andseasonal basis (Herrero and Polo, 2016). This shift is caused by the radiation balance that enhances sublimatiol
during cold and dry periods and intense snowmelt rates during late winter and spring in these areas (McDonell et al., 2013
Liu et al., 2019)However, weather stations are not always equipped to monitor the global radiation nor their components and,
moreover, they are seldom found in high altitudes, especially over 1500 m a.s.l., which makes it difficult to accursdely asse
not only the solaradiationtemporalregime but also the spatial patterns of solar radiation fields in high mountain areas. This
impacts the availability of data for studies in mountains dealing with climate and hydrology, global warming, ecosystem
services provided by thenow areas, and environmental and social and economic impasite @md downstream (Yang et

al., 2010; Liu et al., 2012a; Tang et al., 2019). It is not surprising that many mountain regions are identified asitijiodivers
hotspots around the world, withéditerranean and other semiarid to arid regions being highly represented (Myers et al., 2000;
O6Farrell et al., 2010; Hewitt, 2011; Paul i et al ., 201
There are several research papers on solar radiation estimations fromgmuitdbasedbservationé high altitude regions
(Dubayah and van Katwijk, 1992; Dubayah, 1994; Tovar et al., 1995; Oliphant et al., 2003P&stador et al., 2006; Yang

et al., 2006, 2010; Ba@$ et al., 2008; Bosch et al., 2008; Sheng et al., 2009; Aguilar et al., 2ahfaddis et al., 2012; Chen

et al., 2013Zhang et al., 2020All of them insist on the need to consider topographic effects and advise of the errors that
simple interpolation/extrapolation techniques can creRtaliation data obtained from a dense angperlymaintained

weather station network in mountainous areas are rarely available and therefore, modeling techniques need to be applied. L
et al. (2012a) state that the most difficult issue in solar radiation modeling in data sparse regions isailouthgcdue to

the rapid spatially and temporally changing weather conditions and thedihremsional structure of clouds. This complexity

adds to the heterogeneity resulting from shadowing and reflection due to steep topography (Dubayah, 1892t &atll

2008; Mamassis et al., 2012; Chen et al., 2@h#ng et al., 2019, 2020

According to Dubayah and Rich (1995), as solar radiation models become more complex, they can be more difficult to use,
mainly because of the requirement for additiongluindata. In fact, the complexity of physicablgsed solar radiation
formulations for topography and the lack of the data needed to drive such formulations led in the past to the laclk of suitabl
modeling tools (Dubayah, 1994). Thus, it is important thatmodels allow for some flexibilityegardingthe component of
radiation calculated and the input data needed.

Excluding traditional interpolation methods there are two major methods for solar radiation modeling, namelydemtedde

solar radiatio estimates, and Geographic Information Systems (@&Sgd solar radiation models. Sateltigrived solar

radiation models provide a wide spatial and temporal coverage, but low spatial resolution when dealing with pixels with a
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strong topographic gradierBy contrast, Gl$hased models calculate the incoming solar radiation for each cell of a digital
elevation model (DEM) and allow for higher spatial resolutions including topographic effette past decades, several
models based on GIS have been psga €.9.,Dubayah and Rich, 1995; Fu and Rich, 28@002; Wilson and Gallant,

2000; Goldberg and #htzschel, 2002; @i and Hofierka, 2004; Liu et al., 2012ahang et al., 2019, 2020Required input

data include digital elevation values and atmesgghattenuation parameters that are commonly estimated from gbaised
measurements and/or satellite data (Dubayah, 1994).

The aim of this study was to generate the spatiotemporal distribution of global solar radiation in a high mountain sganiarid a

in southern Spaiwith a modeling scheme that reconstructs time map series from the usually available weather datasets. For
this purpose, a GHBased topographic solar radiation model (Aguilar et al., 2010) was applied in Sierra Nevada (SN) (Spain),
a highmountain range running weststparallelto the Mediterranean coastline with influence from both the sea and the
African continent to the South, and the continental conditions to the North. The accuracy of solar radiation estimates by the
model were evalted in terms of the error in the approximation to observed data. This study site ivalb@énvironmental

area declared Biosphere Reserve by UNESCO in 1986 due to the exceptional presence of endemisms (Heywood, 1995; Blan
et al., 1998; Anderson al., 2011; Cafiadas et al., 201Bgsides, SNs also included in the Global Change Observatories
Network given its singular location between two seas and two continents, and its extreme topographic gradie@ar@anet

et al., 2015).

This paper preses 19 years adaily, monthly,and annual solar radiation maps with high resolution (30 m) over SN. The huge
number ofmembersinvolved in the management of this area make this information valuable in different fields, such as:
hydrology, crucial role of energy budget in the hydrological cycle over this area; ecology, ecalogicaim u n bhehaviairs 6

and development clearly linkith the amount of energy available; production systems downstream, as hydropower facilities
and traditional to tropical crop systems from the top to downhills. Besides, these data sets directly contribute, \ardre rele

for many studies that could do,g0 two of the 23 Unsolved Problems in Hydrology (UPH) recently posed by Bloschl et al.

(2019) in a participatory analytical di scussion among
technologies to measure surface and subsurfacemropee s states and fluxes at a ran
UPH 5 AWhat <causes spati al heterogeneity and homogenei:

(carbon and other nutrients, sediments), and in their sensitivitheir controls (e.g. snowfall regime, aridity, reaction

coefficients)?0.

2 Study site

The Sierra Nevada mountain range (SN) is located 35 km north from the Mediterranean Sea (Fig. 1) and constitutes ¢
mountainous area of the Natura 2000 network. Eienatrise up from 262 m a.s.l. to 3479 m a.s.l. in a 4583.72kea that
runs parallel to the sea. High altitudinal gradients are representative of the area, with variation in elevation of@boirt 340

less than 40 km of horizontal distance and a nteiarclimate in the summits surrounded by Mediterranean climate in the

3
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lower areas. Thus, the interaction of such conditions creates a strong heterogeneity in terms of soil types, landforms an
vegetation species that determine a complex hydrologicalmssgn the area andanyendemic species (Heywood, 1995;
Blanca et al., 1998; Anderson et al., 2011). The rainfall regime is highly variable, even in consecutive years, with annual
cumulative values in the period (198000) that range between 200 mm ip gears to 1000 mm in wet years, with an average
value of 510 mm (PéreRalazén et al., 2015). Temperature regime is also heterogeneous, with values of 26, 12.5 and 0.4 °C,
for maximum,mean,and minimum daily temperature in the same period.

The snow presnce becomes relevant from November above 2000 m a.s.l. and extends up to spring with conditions that make
it possible the activity of a major ski resort in the akdawever, in som&inters, mildepisodes can be found in January and
February that melt ngb of the snow much earlier than the mean end of the snow season in the area (Herrero et al., 2009;
Herrero and Polo, 2012Because of its singular characteristics and fragile environment, Sierra Nevada receives international
recognition as a Biosphere $&ve (1986), a National Park (1999), an Important Bird Area (2003), a Special Area of
Conservation (2012) and one of the International Global Change Observatories in Mountain Areas. These environmenta
protection figures together with the differemtd numerousmembersnvolved in the management of such a unique area have
determined the strong effort in data collection in the last yeaeslvance in the knowledge of the different aspects that
determine the dynamics of this natural system. Moreover, giedahing impacts threaten the environmental values of this
system but also the associated ecosystem services and so@abanthicactivities due to the estimated shift of the snowfall

regime (PérePalazén et al., 2018).
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Figure 1. Location of the sudy site in southern Spain (left). Digital Elevation Model (DEM) and weather stations in Sierra Nevada
(SN) (right). The numbers correspond to the station codes.



115

116

117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

133

134
135
136
137
138
139
140
141
142
143
144
145
146

3 Data
3.1 Input data

A digital elevation model (DEM) with 30 m spatial resolution and 1micadrprecisionwas used in this studyig. 1). The

DEM was provided by the Andalusian regional administration and it was generated by digital stereo correlation of aerial
photographs of the Spanish National Plan of Orthophotogragte). DEM is used to calilate the slope, aspect, sky view

factor and terrain configuration maps that are used in the modeling process (Dozier and Frew, 1990).

Meteorological input data atke longest available isitu daily global radiation (R) of 16 weather stations overthregFig.

1 and Table 1). The extent of the records in all weather statigria {Tble 1) was considered long enough to carry out the
evaluation process dating from February 2000 for the oldest station (608 in Table 1). 12 out of the 16 weatisearstatio
located above 1500 m a.s.l. and 7 of them above 2000 m a.s.l. (Fig. 1). The stations belong to four different orgaieations:
Department of Agriculture, Fisheries and Environment of the Andalusian Governmer@(804 Table 1), the Water and
Environment Agency (1001 and 1002 in Table 1), the National Parks Organizatio®§858 Table 1) and the Guadalfeo
Network (802804 in Table 1) described in Polo et al. (2019). Pyranometers used to collect the data were of different natures
but all of then with a characteristic range ofaround 033 . 1 e m: Skye SP1110 (stations ¢
ZonenSPLite pyranometer (station 802), HuksefluxLP02 (station 803), HuksefluxNRO1 (stations 1001, 1002 and 804) and
Middleton Net Solar CNR1 (stations 853, 854, 855, 857, 858, 859 and 860).

In order to generate the complete global radiation data seridefwhble-time span (01/02/20031/12/2018) we first apply

a quality-control check tdherecorded data at the weather stations.

3.2 Data quality control

Numerous studies on quality control of measured solar radiation data can be found in the literature (Geiger et al. n2302; You
et al., 2005; Moradi, 2009; Jo@n and Bertrand, 2011). Compared to other meteorological variables, solar radiation
measurema is more prone to errors (Moradi, 2009). Younes et al. (2005) state two main sources of errors related to in situ
measurement of solar radiation: those related to equipment and uncertainty and operational erropsiol hasany
computation twdpasicscreeningsvere applied to recorded daily global radiation data to discard suspicious records associated
with equipment and operational errors (Younes et al., 2005).
1. Observed daily global radiation ¢§f must be between the daily extraterrestrial radiaiR) and a minimum 3%
of Rext (Geiger et al., 2002; Moradi, 2009).
2. Observed daily global radiation ¢§f must be lower than the clear daily global radiatiog.dFobserved under a
highly transparent clear sky (Wu et al., 2007%sRalues werealculded with the model developed byeichen and
Perez (2002) and the parameterization of Kasten and Young (1989) for the aiMMuessletail regarding the
equation as well as its parameters can be found in Aguilar et al. (2010).

The excluded values from the tests did not reach 1% of the data at any weather station.
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A third quality controlscreeningvas applied following Younes et al. (2005)detecterroneous data due eperational errors

related withparticularities of weather stations in high altitade.g., shadows, impacts of snow, mechanical failures, etc.).
They suggest semiautomatic procedure that allowee creation of an expectancy envelope in the clearness indedifiGte

to global irradiance ratio (k) domain to reject data too obvioesigneousThe Cl data range is divided into bands of equal
width, within which the mean and standard deviation of the k valyes,ud, aré calculated. The top and bottom boundary
shapes are identified by fitting two polynomials through the points p blidnited between 0 and 1 to respect the physical
range of the CI. In this study b values between 2 and 3 were applied in order to limit both, the rejection of goodhata and t
acceptance of erroneous data to small percentages.

The Cl was calculatedith the observed data at each weather station. However, no measurements of daily diffuse radiation,
Rq, were available. Thus, the model proposed by Aguilar et al. (2010) was applied to generate daily diffuse ragjasion (R
each weather station withoconsidering the observed global data at such station. Obviously, this assumption depends on the
validity of the model as well as on the quality gf Ratasets at the remaining weather stations. However, under the common
lack of diffuse solar radiation rmasurements like the present one, modeling them can be an alternative (e.g., Yang et al., 2020)
to reject erroneousgRbservations. This approach was proposed once the model had already been validated in a previous stud
(Aguilar et al., 2010) but keeping mind the intrinsic limitations and assumptions previously stated.

After this quality test, the percentage of excluded values did not reach 10% at any weather station, with a mean t@lue close
2% when the whole set of stations was considered. Talilevissselected descriptors of the data sets at each station in this
study after all the quality check process and Figure 2 shows the chronogram of the final input data availability p@t station

in Table 1) used in this study.
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Figure 2. Data availability in the analyzed period (01 Feb 2006 31
increasing altitude from the top to the bottom row.
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Table 1.Information of the weather stations included in this study: elevation, z (m);&gde; data length, as initial and final dates of the
time series; number of initially available daily records,(8ays); number of available daily records after the quality check, N (days); rate
of days for cloudy, Ni<0.3 (%), partially cloudy, N3<i<o.6 (%), and cleasky conditions, Nio.s, (%); and maximum, §_max(MJ n2 day

1), mean, Bo_mean(MJ n7? day?), and minimum, &_min (MJ n12 day?), daily global radiation observed values. The selected descriptors for

sky conditions and global ration correspond to registered data after quality check.

z Code Initial date Final date No N Nci<o.3 Nos<ci<o.2 Nci0.6 Rgomax Rgo mean Rgo_min
781 602 26/01/2001 31/12/2018 6521 6370 8 23 69 33.80 18.49 0.80
942 608 01/02/2000 31/12/2018 6883 6686 6 26 68 3420 18.83 0.70
950 601 05/09/2000 31/12/2018 6600 6449 7 27 66 33.00 18.17 0.60
975 853 21/11/2007 29/12/2018 2833 2827 8 30 62 32.37 18.01 1.00

1212 604 05/09/2000 31/12/2018 6665 6485 7 29 64 33.00 18.09 0.70
1332 803 27/08/2009 31/12/2018 3407 3282 7 22 71 33.41  18.95 0.71
1530 854 26/10/2007 16/12/2018 3176 3169 10 28 62 3291 17.97 1.10
1732 857 16/11/2007 29/12/2018 3042 3034 11 25 64 32.84 18.31 0.81
1735 859 23/01/2008 21/11/2018 2577 2573 11 23 66 33.67 19.11 0.59
2141 804 10/10/2012 31/12/2018 2272 2206 7 21 72 33.91 19.05 0.82
2155 855 02/01/2008 30/11/2017 2522 2519 13 30 57 33.64 17.64 0.78
2300 858 09/03/2008 20/09/2017 2385 2380 12 28 60 3458  17.99 0.99
2325 1002 15/11/2008 29/10/2012 951 951 8 22 70 35.60  20.47 1.55
2510 802 04/11/2004 31/12/2018 5050 4849 19 75 36.29 20.28 0.69
2867 1001 16/11/2007 01/01/2014 1071 1071 28 66 33.70  18.06 1.68
3097 860 23/01/2008 09/09/2018 1858 1705 13 25 62 35.79  18.20 1.12

3.3 Generation of globakadiation maps

The GIS-based solar radiatiomodel proposed by Aguilar et al. (2010) that was previously implemented and validated in a
small subwatershed located in the southwest of Sierra Nevada (Fig. 1) was extended to the whole area in Eos study.
validation purposes, data registered at weather stations are considered to represent the average values of the B8 m cell of |
DEM on which they are located (B&l et al., 2008; MadhezDurbgn et al., 2009).

The main equations and flowchart of thedel are shown in Appendix A. The complete explanation of the algorithms as well

as the justification of the assumptions of the model can be found in detail in Aguilar et al. (2010).

The model was developed to be run using limited data but consideriagahts that constitute the main sources of the spatial

and temporal variability of solar radiation. Results generated by the model include hourly maps of diffuse, beam add reflecte
solar radiation values with minimum input data requirements as onlyripiug dataalbedo estimationand measured daily

global radiation records (g at least at one weather station are required. As for the daily global radiation registers, even when

7



186 they are missing, their estimation from other more readily availableonoétgical data could always be a choice from the

187 literature (Hargreaves and Samani, 1982; Bristow and Campbell, 1984; Allen, 1997; Bechini et al., 2000; Winslow et al., 2001;
188 Donatelli et al., 2003, 2006; Yang and Koike, 2005; Diodato and Bellocchi, #00@f al., 2007; Ruiérias et al., 2011; Liu

189 etal., 2012b; El Ouderni et al., 2013; Mullen et al., 2013).

190 The generation of global radiatiomapswith the model applied (Aguilar et al., 2010) requires a proper characterization of the
191 spatiotemporal ptterns of albedo in the study site. 240 cldtek Landsat imagery available for the study period from Landsat

192 5 TM (49 images), Landsat 7 ETM+ (141 images) and Landsat 8 OLI (50 imaiges) 30 m spatial resolutiomere used.

193  Figure 3 shows thepecificdates and sensors of the 240 images analyzed in this study. Allimages were first properly corrected,
194  and their reflectivity values computed (Pimentel et al., 2014). Albedo was then derived for each image following the same
195  procedure applied in Aguilar el. (2010), which is based on the methodology described by Brest and Goward (1987), and
196 linearly interpolated on a daily time scale for the whole study period.
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198 Figure 3. Dates and sensors of each Landsat image analyzed in the study period (01 Feb 2@d0Dec 2018).
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3.4 Crossvalidation at weather stations

Once daily global radiation estimates were generated by the model a cross validation was appliedestteacktation on
the daily scale. This was carried out on a leareout process,e.,data from a weather station were removed from the input
dataset to the model and predicted valugg) @ that weather station were then compared to observed dgta (R

Different indicators were computed to quantitatively evaluate the performance of the model (Muneer et al., 2007):

-The Root Mean Square Error (RMSE) (Eqg. 1), whegeaRd R are the predicted and observed daily global radiation (MJ
m2 day?), respectively, and & the number of observed daily dalameasures the difference between values predicted by

the model and those which were actually observed

(Rgﬂ B Rgﬂ )Z
N

RMSE = Z

1)
-The deviation from the 1:1 line of observed vs. predicted daily solar radiation values. Linear fits forced through the origin
were obtained (Eq. 2) and the slopes (U in Eq?2as2hieratior e d

of the explained variation to the total variation, was also computed.

Rgp =« 'Rgo )

The RMSE values and linear fits were obtained for the whole dataset at each weather station, and also for differeist cloudines
levels to consider different atmosphestates thatay condition the performance of the model according to previous studies
(Batll® et al., 2008; MaezDurb8n et al., 2009; RuiArias et al., 2009)Based on the cloudiness three types of weather
conditions were analyzedloudy days (Cl® . 3 ) , partly cloudy -skadags or(cbud@sd @dys 0. 6
(Cl 60. 6) .

The crossvalidation assessment is summarized in Figure 4. With the global datasets (in black in Fig. 4), a very close
approximation of the model estimates to recorded dava s obt ai ned ( me a n2vdluesof09lL)eRMBE 0 .
values varied for the different stations and ranged from 1.81 (station 804) to 3.76 (station 860) with a mean valueJof 2.63 M
m? day?.

When the analysis was carried out in termghefcloudiness level, a general overestimation by the medeldy mean U v a
of 1.41) was al ways seen on c-bkgdagsyCl>0.6)plspes(weré \@1§ cld®d to 1 witma ¢ o
mean U value of 0.96.s Afnou md eaxmepda rattley beelhoawdyord awas ( 0. 3 <
predicted €.g.,stations 854 and 608) or over predicted depending on the weather station. As for RMSE values, the lowest
values were always found for clear sky days, when the ctdflicence is minimal and the attenuation is mostly explained by
changes in the atmospheric transmittance, followed by partly cloudy days with mean values of 2.07 and 3%G¥ajtJ m
respectively. The highest RMSE values were always found on cloudyitiysean values of 3.70 MJ-fiday?. The high
proportion of cleasky days (65%) and the low RMSE values on these days (2.07-Mihy?) revealed the general good

agreement of the model estimates with observed data. This is espiec@ilyant in semiarid environments, where energy

9
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limited hydrological processes.{.,soil moisture depletiorgvaporationpr snowmelt) are more relevant on clsiy days

and they must be carefully computed in water and energy balance modeling oinrigteduling, etc. (Chen et al., 1999;
Mamassis et al., 2012).

There is no clear pattern in the errors obtaiwitl the elevation of the stationfhe goodness of the model estimates was
more affected by the interaction of the different characterisfitiseoweather statiore(g.,slope, aspect, surrounding terrain
configuration, orographic effects in the vertical development of clouds, etc.) than by the height of the station itself.

To validate the modeling scheme applied, another-lwedwn GiSbhased slar radiation model, Solar Analyst (SA) (Fu and

Rich, 2000b) was also applied in the study site. Error values in the approximation to observed data and linear fitsiobtained
SN are shown in Appendix B. In view of the errors obtained with SA estimeaabe(B.1) we can select the modeling scheme

here proposed (Subsectior8j3over SAto analyze the spatial and temporal behavior of solar radiation in SN.

The errors obtained in Figure 4 were within the order of magnitude of those found in previousistatlies mountainous

areas (Yang et al., 2006; 2010; Zhang et al., 2020) and slightly improved those previously obtained on a small sularea (10 x
km?) in the northeastern side of SN. Here, TovRescador et al. (2006) analyzed the application of SAear sky days with

a 168 global radiation dataset from 14 weather stations located at between 1091 and 1659 m.a.s.l. They?okthiesdR

0.75, similar to the value here obtained with SA estimates in the whole SN area (0.77 in Table B.1) boafotherRequal

to 0.99 obtained with the model (in orange in Figure 3). Then, Batllés et al. (2008) in another application of SA in the same
area with a Z/ear daily dataset obtained the best performances forsitgatays. RMSE values obtained in clsy days in

the present study, of 11.1 % (2.07 MZF day?); were the same as those obtained by Batllés et al. (2008) for clear sky days
(11%). Later, RuizArias et al. (2009) evaluated the application of four differentkHSed solar radiation modelsthva 523

global radiation dataset at the same study site. RMSE values for the global dataset ranged between 1.99 and @88 MJ m

1 depending on the model.

The order of magnitude of the errors (Figure 4) and its comparison with those obtained wittomputationally and data
demanding Gl$hased models in previous studies let us to conclude that the model is the best choice to generate global radiatiol
data series in SN.

Therefore, once the model was validated in the study site, dailyaBs were geerated and aggregated at the monthly and

annual scales.
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Figure 4. Cross validation analysis. Linear fits of daily predictedvs.observed R (MJ m-2 day™) at each of the selected stations for
the global data (black), cloudy (CI<0.3- red), partly cloudy (0.3<CI<0.6- blue) and clearsky days (CI>0.6- orange). Stations are
sorted by increasing altitudefrom left to right and from the top to the bottom row.




264 4 Results

265  Daily, monthly,and annual Rdatasets in SN are analyzed in this section at two spatial scales. First, the results at the weather
266  station scale are presented. Thus, possible relationships between altitude and/or location of the weather station with th
267  differentRg statistics and howhis relation changes with the temporal s@dlanalysiscan be assessed. Then, therRRps that

268 can be downloaded as specified in section 6 are analyzed.

269  4.1Daily time series of global radiation in Sierra Nevada

270  Figure 5 shows the statistical distritan of the daily B ateach weather station ordered by increasing altitude and illustrates
271  several questiongirst, there isa very similar interquartile range among statiddscond, there amgreater variations in the

272  maximum daily Bamong the diffenet stations with a mean value of 3400 m? day*. Third, even though a slight increase
273  with altitude can behownin the high extreme statistics of the dailyvRlues (e.g., in the maximum or in the"3gercentile),

274  there is not a clear tren@herefore other factors such as orientation, proximity to the sea or the terrain configuration in the
275  surrounding terraims suggested by Batllés et al. (2008pstitute relevant features in the study site.

276  Figure 6 shows an example of the spatial distribution in three representative days of cloudy, photidilyand cleaisky

277  conditions. Here the spatial distribution is clearly influenced by the topography of SN, especially in the clear sky day.
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279 Figure 5. Statistical distribution of daily R 4 (MJ m-2 day?) time series ateach of the selected stations over the study area. The box
280 shows 50% of the data, delimited by Q1 (lower) and Q3 (upper), the solid line represents the median, and whiskers sholv dartd
281 90" percentiles. Brown, orange and yellow dots represent daily maximum, mean and minimum time senggues. Stations are sorted
282 by increasing altitudefrom left to right .
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Figure 6. Daily Ry (MJ m-2day?) in SN for three selected days thatepresent the three levels of cloudiness considered in this study:
cloudy, partially cloudy and clear-sky.

4.2 Monthly time series of global radiation in Sierra Nevada

The statistical distribution of monthly Rper weather station (Fig. 7) shows thatewery station: i) July and December
constitute the months with the highest and the lowest valueg #dpectively; i) there is a quite linear increase in the monthly

Ry values from January to July and a sudden drop in August wstiglatly convexevolution till December; and iii) the
interquartile range is significantly higher in the spring and fall, than in the summer and winter months.

The increase in the high extreme statistics of radiation with the altitude of the weather station becomes reoteatipar
monthly scale (Fig. 7) than at the daily scale (Fig. 5) previously analyzed. Thus, maximum values of around 1600 MJ m
month' are reached in July in the highest stations (e.g. 1002, 802, 1001 and 860 in Fig. 7) whereas this value decreases |
around 910 MJ Mmonth? in the four lowest stations with the exception of station 608.

Monthly Ry mapsshow significant spatial differences of up to 200 M3 month* in both the mean monthly values (Fig. 8)

that clearly follow the terrain configuratiowith summits and valleys receiving high and low solar radiation values,
respectively. For example, the area in the north of SN that is highly shadowed by the highest peaks in the Iberian Peninsul
(Mulhacen and Veleta with 3482 and 3396 m a.s.|., reségxis easily visible, with the lowest relative levels of insolation
received within SN especially in the summer months (June, July and August in Fig. 8).

Both, maps of the monthly mean and standard deviation (FiB. 8) and thestatistical distribtion of the monthly Rin the

study site (Fig. 9)show the same behaviour as the one obtained at the weather stganding: i) July and December as the
months with the highest and lowest values giréteived in SN; and ii) the highestatterin the monthly B values in the

spring and fall months.
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Figure 7. Statistical distribution of monthly R4 (MJ m2 month™1) time series ateach of the selected stations over the study area. The
box shows 50% of the data, delimited by Q1 (lower) and Q3 fper), the solid line represents the median, and whiskers show®.0
and 90" percentiles. Brown, orange and yellow dots represent monthly maximum, mean and minimum time series values. Stations
are sorted by increasing altitudefrom left to right and from t he top to the bottom row.
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