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Abstract

Aim of study: To present a complete global radiation model that includes direct, diffuse sky and ground-reflected radiation, and compare

the values with those obtained by the pyranometers.

Area of study: The data were analyzed at the meteorological station network in Extremadura, Spain, to validate the results calculated by

the model.

Material and methods: The method uses the maps from meteorological station data are based on a single piece of daily solar radiation
data for an area of 8,000 to 9,000 ha, whereas the maps created by the models are obtained using the spatial resolution of the digital elevation

model, in this case 25 X 25m.

Main results: The analytical model used in the study obtained global radiation values with a difference of 1.44% relative to the values
captured by the meteorological stations in Extremadura. Analysis of the data indicates that on days with a specific type of fog or very
diffuse cloud, the global radiation captured by sensors is greater than it would be on clear-sky days in the same area. The method was
suitable for calculating global solar radiation on any type of terrain with its corresponding diversity of crop types.

Research highlights: The research highlights the importance of understanding and modelling solar radiation for efficient use of water
resources in agriculture. Adding these global radiation models to a GIS would provide a very valuable tool for developing regions.
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Abbreviations used: DEM (digital elevation model); REDAREX (Irrigation Advisory Service, Red de Asesoramiento al Regante de

Extremadura).
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Introduction

Efficient and proper use of water resources in agricul-
ture is one of the main challenges in recent times. De-
veloped countries therefore study the agrometeorological
parameters associated with agricultural water resource
management in their territory. In many aspects of envi-
ronment and engineering sciences it is important to have
accurate knowledge of solar radiation and its characteri-
sation on the Earth’s surface (Kaskaoutis & Polo, 2019).
The high spatial and temporal variability of Earth’s solar
radiation is the result of the radiative transfer that occurs
in the atmosphere. The importance of this variability in

climate studies has led to considerable efforts to improve
the capabilities of modelling to determine the components
of solar radiation (Polo et al., 2019).

The energy that the sun supplies to Earth in the form
of electromagnetic radiation is used in photosynthetic
processes, surface and atmospheric heating, evaporation
and transpiration. Climate, in turn, is determined by the
effect of solar energy on atmospheric heating and eva-
poration, indicating the importance of sky conditions on
crop yields (Changnon & Changnon, 2005; Pandey &
Kariyar, 2013). The amount of incident solar radiation
in a region is determined by astronomical, geographi-
cal and topographical factors, and influenced by other
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factors such as atmospheric transparency and sunlight,
the topography of the terrain, the atmospheric water va-
pour content, the elevation of the sun and the duration of
the day. Solar radiation is the principle factor in deter-
mining the microclimate of a crop. Its energy conditions
air and land temperature, wind movement, evapotranspi-
ration and photosynthesis. The intensity of the radiation,
the degree of interception, and efficient use of radiant
energy are determining factors in plant growth rates
(Sandafia et al., 2012).

Solar radiation and its fluxes are highly variable in
time, space, climate, season and other factors (Solanki,
2002). The spatial distribution of organisms and plants
responds to solar radiation fluxes. In agriculture, plants
are living beings that transform solar energy, making it
available to humans and animals. Solar radiation direct-
ly affects crops through photosynthesis, but it also affects
soil and plant evaporation through temperature, which in
turn affects soil water balance (an agrometeorological fac-
tor) (Ferrante & Mariani, 2018).

To optimise the use of solar energy, an in-depth study
is needed of the solar radiation components received by
the Earth’s surface. However, the information available in
most works is outdated or incomplete. Interpolating sur-
face solar radiation obtained from surface meteorological
stations does not permit analysis of micro-climate aspects
of solar irradiation (Zelenka et al., 1999; Muneer et al.,
2007; Kambezidis, 2016). This illustrates the importance
of detailed estimation of solar radiation over the whole
terrestrial surface.

According to the standard atmosphere model (Mitja &
Batalla, 1982), the estimate of the global irradiance (W/
m?) incident on the Earth’s surface may be divided into
direct, diffuse and ground-reflected radiation:

Et=Ei+ Ed + Er,

where: Et, total irradiance; Ei, direct solar irradiance; Ed,
diffuse sky irradiance; Er, ground-reflected irradiance.

To estimate the irradiance incident on the Earth’s sur-
face (Fig. 1), we need to know, firstly, the solar irradiance
that reaches beyond the Earth’s atmosphere. This value is
known as exo-atmospheric solar irradiance or solar cons-
tant (So). The mean value of the solar constant determined
by the WMO (1982) is 1367 W/m?. The value of the solar
constant is obtained using the mean distance between the
Earth and the sun in its annual orbit.

In the last 20 years, the number of automatic meteo-
rological station networks has increased considerably
around the world. This rapid development was due to the
need for meteorological data in near-real time and sig-
nificant advances in automatic data acquisition systems.
The Irrigation Information Service (SIAR) is Spain’s lar-
gest automatic meteorological network. Installed in 1999-
2000, it covers most irrigation areas in Spain and was
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Figure 1. Solar radiation components. Source: Authors' own
figure.

established across the country for agronomic purposes
(Estévez et al., 2011).

Spatialising meteorological data is a very difficult task,
especially in heterogeneous terrain. For some time, parti-
cular emphasis has been placed on developing spatialisa-
tion methods (Bindi & Gozzini, 1998; Gozzini & Homs,
1998) and comparing interpolation methods (Gozzini &
Paniagua, 2000; Gattioni ef al., 2011). Numerical weather
prediction methods are now the main tools that scientists
use to study the behaviour of meteorological events and
propose explanations about their formation and develop-
ment (Xue & Fennessy, 1996; Lynch, 2008).

Many research centres and universities around the
world have a forecasting service based on the results of
numerical models, in particular the Weather Research and
Forecasting model (WRF). The WREF is a next-generation
mesoscale model developed by United States institutions,
including the National Center for Atmospheric Research
(NCAR), National Center for Environmental Prediction
(NCEP) and Forecast Systems Laboratory (FSL). It was
designed for use in both operational forecasting and at-
mospheric science research (Michalakes et al., 2004).

This study on modelling global solar radiation for any
location on the Earth’s surface that has a digital elevation
model (DEM) is important because the methodology is
the only viable option for developing countries with no
meteorological station network. The model was tested
with data obtained in the field by pyranometers (Fig. 2) in
the Extremadura region meteorological station network.
The network website, Agralia, belonging to the Irrigation
Service of the Directorate General of Rural Development
(Extremadura Regional Government), provides advice,
monitoring and support for irrigators through the Irri-
gation Advisory Service (REDAREX), informing them
about crop water needs and enabling them to programme
irrigation efficiently according to specific requirements
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Figure 2. SKYE SP1100 or CM3 pyranometers. Source: RE-
DAREX (Extremadura Regional Government).

and climate and soil conditions. All that is needed for this
estimation is a geographical reference.

Because it is important to calculate solar radiation
using all of its components, the novelty of this study is
that it includes analytical calculation of ground-reflected
radiation (Er).

Material and methods
Study area

The study area is in the region of Extremadura, in the
southwest of the Iberian Peninsula, and comprises the two
largest provinces in Spain (Fig. 3): Caceres and Badajoz.
Our pilot work area in Extremadura is the area identified
in Sheet 575 Hervas MAGNASO, georeferenced with a
latitude 0f40°20°4.41°°N and longitude of 6°11°39.51”W,
in the province of Céceres, part of the Ambroz Irrigation
Area.

The characteristics of the relief in Extremadura give
rise to a climate that is subject to numerous influences.
The solar radiation received is the highest in mainland
Spain. At midday, Caceres and Madrid (continental Medi-
terranean climate) have similar values of around 750 W/
m?, followed by Murcia (east coast) with values of about
650 W/m? and Santander (north coast) with values of
about 500 W/m? (Pérez-Burgos et al., 2014).

Because the main objective of meteorological networks
is to determine crop water needs, the meteorological sta-
tions in Extremadura are located in irrigation areas, with
an equipment density of one station every 8,000-10,000
ha to characterise the climate of the areas.

Each station occupies a horizontal area of 10 x 10m
sown with the reference crop, in this case grasses, irri-
gated by sprinkler irrigation. All stations are connected
by digital GSM to the Irrigation Management Centre, in
Meérida, and the server at the Extremadura Research and
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Technological Development Service at La Orden-Valdes-
equera Research Centre, in Guadajira (Badajoz).

Material used
Digital cartography

The study was conducted using official maps from
the National Geographical Institute, available at the Ex-
tremadura Regional Government Department of Agri-
culture, Rural Development, Environment and Energy,
and the algorithms necessary to model solar radiation
(Dominguez, 2015). The DEM of the terrain has a 25 x
25m grid size, with official sheet distribution of 1:25000,
ETRS89 geodetic reference and UTM Projection in the
corresponding time zone. The DEMs of the study area
(region of Extremadura) were obtained, and in particular
of the province of Caceres, because it has more pronoun-
ced orography and would have more impact in the cal-
culation of reflected radiation. The final solar radiation
calculation can be used anywhere in the world that has a
DEM available.

Historical meteorological data

From the historical agrometeorological data (Table 1)
provided on the REDAREX website, we chose only the
data relevant for the study: solar radiation (MJ/m?) and in-
solation hours. The early date chosen, 1 July 2012, rather
than a date closer to the present, was conditioned by the
search for days with least possible cloud cover, as shown
in the daily “insolation hours” column. This date was the
best match for the selection criterion.

Methods

A further objective of this work was to validate the di-
rect and diffuse radiation models presented. This allows
us to calculate ground-reflected radiation as a factor to in-
clude in future studies on improving topographic correc-
tion models for the classification of multispectral satelli-
te images (Hantson & Chuvieco, 2011; Zhu et al., 2017,
Xiao et al., 2018).

The direct component from the sun is directional and
therefore its influence depends on the location of the sun
and the slope and orientation of the exposed location. The
diffuse component comes from atmospheric diffusion and
dispersion (scattering), and is normally considered a he-
mispherical light source (omnidirectional). The reflected
component comes from the surrounding terrain and the-
refore depends on the spatial location of a place and its
topographical environment.

March 2021 « Volume 19 « Issue 1 « 0201
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Figure 3. Study area: (A) Extremadura, Spain; (B) Meteorological station network; (C) Ambroz
Irrigation Area, Céceres. Source: REDAREX (Extremadura Regional Government).

Algorithms of direct solar radiation (R.direct) and diffuse
sky radiation (R.diffuse)

Previous studies reported that short-wave solar radia-
tion from a clear sky varies in response to altitude and
elevation, surface gradient (slope) and orientation (as-
pect), as well as position relative to neighbouring surfaces
(Zimmermann, 2000a,b; Corripio, 2002). Kumar used a
DEM to calculate possible direct solar radiation and di-
ffuse radiation over a large area. This model was used as
a reference to create our own algorithms using a different
programming language.

The R.direct algorithm (Dominguez, 2015) (Fig. 4)
was created by taking into account the areas of topo-
graphic shading resulting from the DEM used. In these
shaded areas in which no direct radiation is received,
diffuse and reflected radiation have a more relevant role
because they are the only types of radiation received and

therefore it is important to estimate them in these types
of locations.

The R.diffuse algorithm (Dominguez, 2015) (Fig. 4)
was developed to suit the climate regime of the area, for
clear-sky days, and therefore without taking into account
the reduction of solar radiation due to cloud cover.

The following data were needed to develop the R.di-
rect and R.diffuse algorithms: DEM; sun trajectories for
the day, month and year; earth-sun distances; incidence
angle at each point of the DEM; topographic shading
model.

Algorithms of ground-reflected radiation (R.G.reflec-
ted)

The R.G.reflected algorithm (Dominguez, 2015) (Fig.
5) was created using the data obtained from the direct

Table 1. Agrometeorological data obtained from the meteorological stations Guadajira-La Orden (Badajoz), from 01 Jul 2012 to 04
Apr 2012. Source: REDAREX.

. Solar Mean Max .

Max Min Max hrs Min hrs rad. Net radz. wind wind .Wm.d ETo  Insolation
temp temp ,  MJ/m direction

©C) ©C) (%) (%) MJ/m day) speed speed ©) (mm) hours

day) y (m/s) (m/s)

28.8 11.7 79 12.3 31.4 16.2 2.1 6.6 265 6.8 13.5
33.1 11.2 82.4 10.1 30 15.5 1.3 4.8 252 6.3 13.3
33.5 14.1 79 21.2 29.4 16 2.3 6 296 7.4 13.4
30.1 15.8 84.9 29 30.6 17.1 3.6 7.4 300 7.5 13.5
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Figure 4. Flowchart of calculation of direct and diffuse solar radiation. Authors' own figure.

and diffuse radiation, taking into consideration the loss of
light intensity by the inverse of the square of the distance.
The direction of a vector in space is calculated using
the direction cosines (cos a, cos B3, cos y) relative to the
X,Y and Z axes.
In our case, the calculation of the angle between two
surfaces is the same as the calculation of the angle between
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the normals to these surfaces, and the effect is similar to the
reduction of the solid angle of a surface with an inclination
relative to the direction of light and a specific distance.

To model this reduction due to the angle between two
surfaces (Fig. 6a), we performed the following reductions:
— Calculation of cosine alpha (Top view of Fig. 6b): this

is the reduction that occurs due to the inclination of
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Figure 5. Flowchart of calculation of ground-reflected solar radiation.
Authors' own figure.

the refracting surface relative to the azimuthal angle
between the refracting surface and the problem surfa-
ce. This angle is obtained using the following formula:

profile relative to the direction between the two surfaces

(alpha>90).

— Calculation of cosine beta (Front view of Fig. 6b): this
is the reduction that occurs due to the angular diffe-
rence between the reflecting surface and the normal
relative to the problem surface. This angle is obtained
using the following formula:

alpha = abs (AZ + 180 — af)

where alpha is the absolute value between the differen-
ce of the azimuthal angle of the two surfaces (AZ) and
of the azimuthal angle of the reflecting surface (af). Al-
pha cosine is maximum (1) when the reflecting surface

beta = abs (AZ — ai)

is perpendicular to the direction between the two surfa-
ces (alpha=0) and minimum (0) when the surface is in

Spanish Journal of Agricultural Research

where beta is the absolute value between the difference
of the azimuthal angle of the two surfaces (AZ) and of
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the normal relative to the problem surface (ai). Cosine

beta is maximum (1) when the angle between the reflec-

ting surface and the normal surface of the problem surface
is zero (beta=0) and minimum (0) when this angle is grea-
ter than or equal to 90 (beta>90).

— Calculation of gamma cosine (Fig. 6a): this is the re-
duction that occurs due to the difference in elevation
between the two surfaces; it is the vertical angle be-
tween the reflecting surface and the problem surface.
The value of this angle is the arctangent between the
difference in elevation (Az) of the two surfaces and the
distance between the two surfaces:

Az

amma = arctg (——
9 9 (Dlstance

)

where gamma cosine is maximum (1) when the difference
in elevation is zero and minimum (tends to 0) when the
difference in elevation tends to infinity.

The total reduction between the problem surface
and all the surrounding surfaces is the product of these
three direction cosines; alpha cosine, beta cosine and
gamma cosine.

Model testing

The models were verified and compared with the data
collected from the REDAREX meteorological stations.
The stations are on horizontally level terrain, a circum-
stance that had to be included in the algorithms. Readings
of global solar radiation incident on a horizontal surface
are necessary for various applications in fields such as
agriculture, architecture, hydrology, solar collector en-
gineering and meteorology. However, for some of these
applications, radiation must be divided into direct and
diffuse components.

Spanish Journal of Agricultural Research

Solar radiation maps

Global solar radiation maps were generated,
modelled by the algorithms and also developed from the
meteorological station data, and the two types of maps were
compared.

Statistical analysis

To conduct a statistical check between the solar radia-
tion values “Observed” in the field at the meteorological
stations and the values “Modelled” with the algorithms,
we performed a t-test, or Student’s t-test, the statistical
test that is best suited to this type of analysis.

A t-test is any test in which the statistic used has a Stu-
dent’s t distribution if the null hypothesis is true. It is used
when the population studied follows a normal distribution
but the sample size is too small for the statistic on which
the inference is based to have a normal distribution, and
therefore an estimate of the standard deviation is used ins-
tead of the real value. It is applied in discriminant analysis
(Table 2):

T-TEST: COMPUTE Differences=Observed-Modelled.

/TESTVAL=0 /MISSING=ANALYSIS /VARIABLES=Differen-
ces /CRITERIA=CI(.95) /MAE=0.70 / RMSE=0.917

where MAE is the mean absolute error, RMSE is the root
mean square error, where the mean of -0.197 is below the
recording range of the meteorological stations and the
standard deviation of 0.907 is not large even though the
sample is not large either.

It is important to note that because the “asymptotic sig-
nificance (bilateral)” statistic is a value that is not close
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Table 2. Statistics: (A) Statistics for a sample in the T-test; (B) T-test for the differences sample; (C) Ranges
of the differences sample in the t-test.

A) N Mean Std. deviation Typical error of the mean
37 -0.1974 0.90760 0.14921
Test value = 0
B) t df Sig. (bilateral) Difference of means
-1.323 36 0.194 -0.19736
Test value =0
o) 95% confidence interval for the difference
Lower Upper
-0.5000 0.1052

to 0.05, this test indicates that the relation between the
Observed and the Modelled data is very good.

The range of values (Lower and Upper) for a 95% con-
fidence interval for the value of the difference includes
the value 0 (value indicating a perfect match between
Observed and Modelled values). Because the Lower and
Upper ranges include the value 0, there is no discrepan-
cy of either undervaluation or overvaluation of the values
modelled by the algorithms.

Results
Application of the proposed method

The algorithms were computer programmed using IDL
programming language, run, and checked using theoreti-
cal testing models (Dominguez, 2015). The working area
(Hervas) was chosen because of its pronounced orogra-
phy. The date chosen from the wide range available throu-
gh REDAREX was 1 July 2012, because it was the day
with least cloud cover (clear-sky day).

Gradient models

Using the matrices of azimuth and solar elevation for
the time interval chosen between sunrise and sunset obtai-
ned with the programme ENVI, models were calculated
for azimuthal orientation (aspect) and gradient (slope),
from worksheet 575, using the DEM of the area (Fig. 7).

The models of shade in the area (Fig. 8) were then
calculated for each time interval chosen (5.00 to 19.00
hours), showing the areas with topographic shading du-
ring the day.

Direct solar radiation model (Rad.direct)

The direct solar radiation model (Fig. 9a) was gene-
rated through the programme ENVI using the two gra-
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dient models for the day and the area chosen. All the ra-
diation models calculated by the algorithms and viewed
by the programme are numerical ASCII files, with the
solar radiation values for each pixel of the terrain given
in MJ/m?,

The image shows that the maximum radiation on the
Earth’s surface is obtained on surfaces that are more or-
thogonal to the direction of light rays, coinciding with the
hours of solar midday. Surfaces at more than 90° relative to
the solar direction appear as shading, with considerably less
direct solar radiation or even no radiation in some areas.

In some cases, the orography of the mountainous terra-
in prevents visibility of the sun, causing topographic sha-
ding and therefore less direct solar radiation in these areas
(north-facing slopes).

Diffuse sky radiation model (Rad.diffuse)

The R.diffuse algorithm was executed using the eleva-
tion model, illustrating how this radiation depends on the
altitude of the location. The diffuse radiation model (Fig.
9b) had higher radiation in areas with thinner atmospheric
mass (areas at higher altitude) and less radiation at lower
altitudes.

Ground-reflected radiation model (R.G.reflected)

The R.G.reflected algorithm was executed using the
radiation models and the two gradient models, stopping
at 1500 m, because after this distance the intensity of the
radiation is greatly reduced by the inverse of the square
of the distance.

The ground-reflected radiation obtained (Fig. 9¢) in-
dicates that this type of radiation is not detected in lo-
cations that are practically horizontal (as expected), al-
though maximum reflected radiation is obtained in areas
close to the abrupt change of two slopes with opposing
faces, such as watercourses, and in low areas of moun-
tain slopes.

March 2021 « Volume 19 « Issue 1 « €0201
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Figure 7. Digital elevation model (A); aspect model (B); and
slope model (C). Sheet 575. Envi.

Map of global solar radiation modelled by the
algorithms (Rad.global)

The sum of the matrices of the three models (Rad.di-
rect, Rad.diffuse and Rad.G.reflected) corresponds to the
following global radiation model (Fig. 9d).

()
Figure 8. Examples of shading models: (A) sunrise (5.00 h); (B) sunset (18.00 h). Envi.

Spanish Journal of Agricultural Research

The Rad.global model is a numerical ASCII file with
the solar radiation values for each pixel of the terrain gi-
ven in MJ/m?, represented as an image in which lighter
tones indicate higher global radiation and darker tones
indicate lower global radiation.

Using the global radiation model obtained with the
algorithms, we can perform an unsupervised classifi-
cation (ISODATA) for a visual reference of the classes
calculated automatically by the programme according
to the distribution of the data. This initial classification
breaks the data down into seven categories of solar ra-
diation, from practically zero values due to topographic
shading to values higher than 32.5 MJ/m? in areas more
receptive to the direction of the sun. With these clas-
ses calculated automatically, a supervised classification
(minimum distance) was performed (Fig. 10), creating
digital seals (ROIs) that were best adapted to the area
in question, given that a large part of it is under wa-
ter because of the Gabriel y Galan dam, which must be
shown, differentiated and not included with other clas-
ses of terrain.

REDAREX global solar radiation map

On the website created by REDAREX, the Extrema-
dura irrigation service, we can identify the geographical
location of the stations closest to the irrigation site and
calculate the mean solar radiation from the values recor-
ded at the stations (Fig. 11). These are standard meteoro-
logical stations, on a horizontal area of 10 x 10 m, located
every 8,000 to 10,000 ha.

These data therefore do not take into account the cha-
racteristics of gradient or topographic shading in other
irrigation areas around each station.

Comparison of observed and modelled data

Global radiation values calculated with algorithms

Table 3 shows the data generated by the algorithms of
direct radiation and diffuse radiation from each horizontal

2 G,"‘N/ \1{
’ﬁd \ 0 g 1( ﬂ? ;5‘ . (0) shaded cell

D (1) in-sun cell

(8)
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Figure 9. Solar radiation: Direct solar radiation model (A); diffuse sky radiation model (B); ground-reflected radiation model (C);

and global radiation (D). Envi.

theoretical model corresponding to the locations of the
meteorological stations.

Solar radiation values obtained by the Agrometeorologi-
cal Station Network.

To ensure that the solar radiation data collected were
as similar as possible to the model data, the historical data
(Table 1) for the days with minimum cloud cover were
obtained, corresponding to the days with most hours of
solar radiation, shown in the column "Insolation Hours’.
Table 1 shows the solar radiation values from all the sta-
tions for the chosen date.

Comparison of methods

After obtaining the solar radiation data recorded at the
meteorological stations in the region and the data estima-
ted by the computer algorithms, the data were compared,
taking the following circumstance into account:

Officials at the REDAREX have observed that on
some days with a certain level of cloud cover, the pyra-
nometers capture more solar radiation than they would
if the sky were clear, due to a possible atmospheric re-
bound effect, where the highest solar radiation intensity

Spanish Journal of Agricultural Research

is detected not when the sky is clear, but when it is part-
ly clouded by convective clouds (Matuszko, 2012). In
addition, broken bright clouds near the sun’s disk may
significantly increase the diffuse irradiance measured
(Psiloglou et al., 2019).

Bearing this circumstance in mind, we analysed the
difference obtained in the capture of global solar radiation
by the two methods, shown in Fig. 12.

Table 3 shows how the effect of fog is produced in
the capture of solar radiation by the meteorological sta-
tion pyranometers. Although it is minimal in most ca-
ses, at the Zarza de Granadilla and Madrofiera stations
(both in the province of Caceres) there is a difference
of 3.69% and 5.87%, respectively, relative to the data
calculated analytically on what was considered a clear-
sky day.

The mean difference observed between the data obtai-
ned by the two methods is 1.44% of total global radiation,
much less than initially expected. The mean difference
was 1.71% in the province of Badajoz and 1.18% in the
province of Caceres.

The histogram (Fig. 13) corresponding to the t-test of
the Differences statistic, which indicates the value of the
mean, standard deviation and sample number, shows that
the frequency distribution is centred around values close
to 0. The closer the values are to 0, the better the Modelled
values will be relative to the Observed values.
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Figure 10. Supervised classification by minimum distance of the solar radiation modelled.

Discussion

This research study addresses the analytical calcu-
lation of global solar radiation models and their con-
siderable potential in various applications of remote
sensing, especially in classifying images for agricul-
tural use. The results pave the way for new initiatives
to continue and extend this line of research and the
possibility of examining novel lines of complementary
research.

As shown, the analytical models proposed for the cal-
culation of direct, diffuse and reflected radiation provide
the results of estimating global solar terrestrial radiation
for any location on Earth that has a DEM available. This
estimate can be made for any hour of the chosen day, mon-
th or year, whether it is in the past (useful for checking
the proposed models), the present (for real daily studies)
or the future (short- and med-term forecasting for sowing
the most suitable plant varieties for the global radiation
forecast).

When the direct and diffuse solar radiation results ob-
tained in this study were compared with the results ob-
tained by Zimmermann (2000a,b) using algorithms crea-
ted with a different AML programming language (ARC/
INFO Macro Language), it was found that the results were
the same.

The analytical models used in the study obtained glo-
bal radiation values with a difference of 1.44% relative
to the values captured by the meteorological stations in
Extremadura. The percentage is very low, despite all the
technical implications in both the configuration of the
models and the equipment used at the meteorological sta-
tions. The difference is the mean of the values obtained
in the two provinces of Extremadura (1.71% difference
in Badajoz and 1.18% in Caceres). This indicates that the
modelled data are more similar to the data obtained by
the meteorological stations in areas with less relief than
in mountain areas. Some climate factors are difficult to
predict, such as days with a certain type of fog or very
diffuse cloud cover, because in these cases the global

Zarza de Granadilla
32.30 MJ/m?2

Gargantilla
30.80 MJ/m?

Valdastillas
30.70 MJ/m?2

VALDASTILLAS

Figure 11. REDAREX solar radiation map: La Zarza de Granadilla, Gargantilla and Valdastillas
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Table 3. Difference (%) in global radiation between methods.

Radiation from algorithms  Radiation from meteorological stations .
(MJ/m?) (MJ/m?) Difference

Stations (%)
Direct Diffuse Global Latitude N Altitude (m) Global

Badajoz
Olivenza 28.59 2.52 31.11 38.4320 202 30.03 3.60
Talavera la Real-Berec. 28.58 2.53 31.11 38.5300 200 30.77 1.10
Pueblonuevo-RdaChic 28.58 2.53 31.11 38.5500 186 30.21 2.98
Guadajira — La Orden 28.58 2.53 31.11 38.5100 186 31.35 -0.77
Jerez de los Caballeros 28.59 2.52 31.11 38.1658 261 30.31 2.64
Arroyo de San Servan 28.58 2.53 31.11 38.5200 220 31.72 -1.92
Mérida 28.58 2.53 31.11 38.5047 265 31.17 -0.19
Villafranca los Barros 28.59 2.52 31.11 38.3406 406 31.10 0.03
Fuente de Cantos 28.60 2.52 31.12 38.1235 600 31.61 -1.55
Santa Amalia 28.56 2.53 31.09 39.0053 248 31.03 0.19
Villagonzalo 28.58 2.53 31.11 38.5017 266 31.03 0.26
Don Benito - EFA 28.58 2.53 31.11 38.5800 260 31.89 -2.45
Don Benito 28.58 2.53 31.11 38.5443 267 30.88 0.74
Palazuelo 28.56 2.53 31.09 39.0600 290 30.24 2.81
Zalamea de la Serena 28.59 2.52 31.11 38.4048 459 32.04 -2.90
Azuaga 28.59 2.52 31.11 38.2333 540 32.24 -3.50
Monterrubio la Serena 28.59 2.52 31.11 38.3535 499 31.25 -0.45
Puebla de Alcocer 28.56 2.53 31.09 39.0433 500 30.25 2.78

Caceres
Alcéantara 28.54 2.54 31.08 39.4452 327 31.61 -1.68
Coria—PueblaArgeme 28.54 2.54 31.08 40.0259 252 29.21 6.33
Aliseda 28.56 2.54 31.10 39.1634 327 31.53 -1.36
Moraleja 28.51 2.55 31.06 39.5816 235 28.64 8.52
Hurdes - Azabal 28.51 2.56 31.07 40.1800 574 31.25 -0.58
Aldehuela del Jerte 28.52 2.55 31.07 40.0034 262 30.36 2.34
Valdesalor 28.55 2.54 31.09 39.2206 382 31.48 -1.24
Mirabel 28.54 2.54 31.08 39.5116 541 31.13 -0.16
Zarza de Granadilla 28.52 2.55 31.07 40.1259 380 32.26 -3.69
Gargantilla 28.51 2.56 31.07 40.1428 596 30.76 1.01
Valdastillas 28.51 2.55 31.06 40.0757 634 30.73 1.07
Tejada de Tiétar 28.54 2.54 31.08 39.5738 235 29.52 5.28
Madrofiera 28.55 2.54 31.09 39.2758 625 33.03 -5.87
Jarandilla de la Vera 28.51 2.55 31.06 40.0608 508 30.24 2.71
Talayuela 28.52 2.55 31.07 40.0047 277 29.37 5.79
Madrigalejo 28.56 2.53 31.09 39.0813 297 30.35 2.44
Peraleda de la Mata 28.54 2.54 31.08 39.5136 309 31.29 -0.67
Guadalupe 28.55 2.54 31.09 39.2318 740 30.88 0.68
Casatejada 28.54 2.54 31.08 39.5209 274 30.64 1.44
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Figure 12. Difference in global radiation between methods.

radiation captured by the sensors is higher than it would
be on clear-sky days in the same area. This circumstan-
ce has been tested and corroborated by officials from the
Irrigation Service, who made their radiometers available
for testing and informed us that this effect usually occurs
in areas of the province of Caceres, perhaps due to the
climate characteristics and more pronounced relief than
in the province of Badajoz.

The global solar radiation data provided by the Extre-
madura agrometeorological stations are obtained at each
station installed approximately every 9,000 ha in a hori-
zontal area. However, the models for this study generate
a thematic map with individual global radiation values of
the terrain for every 25 x 25 m spatial resolution of the

|
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Figure 13. Histogram of the differences variable. Source: SPSS
Statistics.
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map, also taking into account the gradient of the terrain
and the topographic shading caused by the orography. Gi-
ven the considerable advantage of this tool and methodo-
logy, they can be used to calculate global solar radiation
not only for extensive irrigation areas that typically have
a flat or gentle relief, but also for mountain areas with pro-
nounced relief where terrestrial solar radiation is highly
variable because of the gradient and topographic shading,
where other plant species are grown in accordance with
the global radiation received.

Running these global radiation models in a GIS
would be a very valuable tool for developing regions,
because no large investment is needed to parametrise
the agrometeorological information and the only requi-
rements are a computer and easily obtainable DEMs of
the terrain.

This study presents a tool for calculating global solar
radiation for any geographical area that has a DEM avai-
lable. The data were compared with the data captured by
meteorological stations and had a mean accuracy value of
1.44%. The data show that global radiation can be calcu-
lated analytically using the proposed algorithms. Analysis
of the data indicates that on days with a specific type of
fog or very diffuse cloud, the global radiation captured by
sensors is greater than it would be on clear-sky days in the
same area. Further research is necessary to disentangle
the factors that influence and generate this atmospheric
phenomenon and analyse them in greater depth.

As described above, the method is suitable for calcu-
lating global solar radiation on any type of terrain with
its corresponding diversity of crop types. Adding these
global radiation models to a GIS would provide a very
valuable tool for developing regions.
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We propose a line of research that would complement
existing models with a cloud prediction model (15-day
forecasts are currently used) to provide both a short- and
mid-term forecast that can be applied to predict global so-
lar radiation that is closer to reality, at any time of year.
Another possible line of research would be to generate
a radiation model that minimises what is known as the
"topographic effect” in satellite imagery classification, gi-
ven that more than 99% of the information about the Ear-
th's surface that is currently obtained comes from remote
sensing and, more specifically, the capture of data from
satellite-carried sensors.
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