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a  b  s  t  r  a  c  t

Solar  radiation  is  a key  input  variable  for crop  growth  models.  However,  direct  measurement  of  solar
radiation is performed  operationally  for  only  a limited  number  of  weather  stations.  Instead  of  direct
measurements,  empirical  solar  radiation  models  are  used  that link  solar  radiation  to  more  commonly
measured  meteorological  variables.  Coefficients  for  these  models  are  site-dependent  and  therefore  gen-
erally interpolated  from  the few  locations  where  solar  radiation  is  measured.  In  this  study,  three  solar
radiation  models  were  calibrated  (Ångström–Prescott,  Supit–Van  Kappel,  and  Hargreaves)  using a  daily
solar radiation  product  derived  from  Meteosat  Second  Generation  data.  This satellite-based  calibration
of model  coefficients  led  to  a higher  accuracy  when  estimating  daily  solar  radiation,  as  compared  to  the
use  of  interpolated  ground-based  model  coefficients.  The  average  relative  root  mean  square  error  for
Meteosat  Second  Generation-based  calibrated  models  was  1.9%  lower  for  the  Supit–Van  Kappel  model
patial interpolation (p <  0.001,  n =  137),  and  1.8%  lower  for the  Hargreaves  model  (p <  0.001,  n = 222).  There  was  no significant
improvement  using  the  Ångström–Prescott  model.  The  Meteosat  Second  Generation-based  model  coeffi-
cients were  interpolated  to  create  continuous  coefficient  maps  for  Europe.  From  these  maps  it is possible
to  estimate  solar  radiation  from  the  sunshine  duration,  cloud  coverage  and  air  temperature  range  for
every  location  in  Europe  without  prior  calibration.  We  conclude  that Meteosat  Second  Generation-based

ficien
calibration  of model  coef

. Introduction

Continuous and accurate crop growth monitoring and yield fore-
asting at national and continental scales are important for early
arning systems in developing countries, as well as for global

ood security and economic forecasting. The Monitoring Agricul-
ural Resources Unit (MARS) of the European Commission’s Joint
esearch Centre (JRC) provides crop yield forecasts for Europe
hroughout the crop season through the use of the MARS Crop
ield Forecasting System (Boogaard et al., 2002; Baruth et al., 2007).
he MARS Crop Yield Forecasting System (MCYFS) collects and
rocesses daily meteorological data together with crop manage-
ent and soil data in order to model crop growth. The WOFOST

rop growth model (van Diepen et al., 1989) is at the core of
he MCYFS. WOFOST is adapted to the European scale based on a

5 km × 25 km grid. Crop growth indicators modelled by WOFOST,

ncluding water-limited storage organs and leaf area index, are
sed as predictors to issue short-term forecasts of European crop
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ts  improves  the  accuracy  of  solar  radiation  estimates.
© 2013 Elsevier B.V. All rights reserved.

production from the beginning of the growing season up to harvest-
ing. Key meteorological parameters used in the MCYFS at a daily
time-step include: minimum, maximum, and mean air tempera-
tures, total precipitation, mean water vapour pressure, mean wind
speed, solar radiation and snow depth. These parameters are mea-
sured or modelled at weather station level and then interpolated
to the 25 km × 25 km grid.

Of the required meteorological input variables to crop growth
models, solar radiation is the most difficult parameter to obtain, due
to the limited number of weather stations at which this parameter
is measured (Roerink et al., 2012). Throughout the paper, we use the
term ‘solar radiation’ to refer to the total of direct solar radiation
and diffuse sky radiation received by a horizontal surface during
a specific day. In other studies this is also referred to as ‘global
radiation’. In most European countries, the network of solar radi-
ation measuring stations is too sparse for reliable interpolation of
direct measurements. Accordingly, various approaches have been
developed to estimate solar radiation. The MCYFS employs empir-
ical solar radiation models which estimate solar radiation based

on more commonly measured meteorological variables. For each
weather station, the solar radiation model used depends on the
parameters measured at that station. If solar radiation is directly
measured, this measurement is used. Otherwise if a sunshine

dx.doi.org/10.1016/j.agrformet.2013.03.005
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
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uration estimate is available, solar radiation is modelled using
he Ångström–Prescott model (Ångström, 1924; Prescott, 1940).
f daily cloud cover, and minimum and maximum air tempera-
ures are available, solar radiation is calculated using the Supit–Van
appel model (Supit and van Kappel, 1998). If only minimum and
aximum air temperatures are available then solar radiation is

erived using the Hargreaves model (Hargreaves et al., 1985).
One of the key limitations of the empirical solar radiation mod-

ls is their site-dependent coefficients (Abraha and Savage, 2008).
ecause of the lack of measured solar radiation data, these coeffi-
ients cannot be accurately determined for each weather station.
he MCYFS uses the coefficients derived by Supit and van Kappel
1998) and van Kappel and Supit (1998).  The first step of their
pproach was to identify a set of so called reference stations for
hich model coefficients were estimated, based on solar radiation
easurements. Secondly, kriging was used to interpolate coeffi-

ients to all other European weather stations. However, the number
f the reference stations used was limited due to the small number
f stations reporting reliable solar radiation measurements. As a
onsequence, 256 reference stations were used to interpolate the
oefficients for 7,126 weather stations over Europe. Those coeffi-
ients are currently used in the MCYFS.

Remotely sensed satellite observations are expected to signif-
cantly improve solar radiation estimation by their spatial and
emporal continuity. Roerink et al. (2012) validated solar radia-
ion estimates retrieved from Meteosat Second Generation data.
he down-welling surface shortwave radiation flux (DSSF) is the
ame of the product operationally generated by the EUMETSAT’s
and Surface Satellite Application Facility (LSA SAF) with a temporal
requency of 30 min  at the full spatial resolution of the MSG/SEVIRI
nstrument (3 km). It was shown that the down-welling surface
hortwave radiation flux represented a major improvement over
he current approach for deriving solar radiation implemented in
he MCYFS (Roerink et al., 2012). Nevertheless, Roerink et al. (2012)
oncluded that operational implementation of the down-welling
urface shortwave radiation-flux product in the MCYFS was not yet
ossible because the time-series are still too short (since 2005 when
eteosat Second Generation was launched). The MCYFS relies on

he regression between historic simulated and reported crop yields
or which a consistent time-series of at least 10–15 years is needed
Roerink et al., 2012).

Besides the direct use of the satellite-derived solar radiation
roduct by the MCYFS, we assess whether the product may  be used

ndirectly as solar radiation reference data, thus improving the esti-
ation of solar radiation model coefficients. This is achieved by

alibrating the radiation models for weather stations where previ-
usly no calibration could be carried out. The increased number of
ocations with estimated model coefficients potentially improves
he interpolation of model coefficients for the whole of Europe.

The objectives of this paper are: (1) to calibrate the solar
adiation models (Ångström–Prescott, Supit–Van Kappel, and
argreaves) used in the MCYFS by means of satellite-based down-
elling surface shortwave radiation flux data as a reference; (2) to

ompare the performance of these newly calibrated model coeffi-
ients with those currently used in the MCYFS; and (3) to estimate
he error in solar radiation estimation caused by the interpolation
f model coefficients.

. Materials

.1. Surface solar radiation from Meteosat Second Generation
To fulfil the first objective of the paper, we  used 6 years
2005–2010) of the down-welling surface shortwave radiation flux
DSSF) 30-min product derived from Meteosat Second Generation
Forest Meteorology 176 (2013) 1– 9

satellite data by the Land Surface Analysis Satellite Applications
Facility (LSA SAF) and aggregated to daily values by the Flemish
Institute for Technological Research (VITO) on behalf of JRC-MARS.

In the retrieval scheme applied, the down-welling surface short-
wave radiation flux, F (W m−2), is approximated as:

F = F0dT cos � (1)

where F0 (W m−2) is the solar constant, T (unitless) the effective
transmittance of the atmosphere and �s (rad) the solar zenith angle
(Geiger et al., 2008). The factor d (unitless) accounts for a varying
distance of the Sun as a function of the day of the year. To cal-
culate the effective transmittance, two  different approaches are
used depending on whether a given pixel is classified as clear or
cloudy. The cloud mask is generated by means of software com-
ponents developed by the Satellite Application Facility through a
project “Support to Nowcasting and Very Short Range Forecasting”
(Geiger et al., 2008). The approach used for the cloud-free pixels
does not employ the satellite signal of the Meteosat Second Gener-
ation. The effective transmittance is estimated as a function of the
atmospheric composition following Frouin et al. (1989) employing
the modelled water vapour column density taken from the Euro-
pean Centre for Medium-Range Weather Forecast (ECMWF), and
the amount of ozone retrieved from the Total Ozone Mapping Spec-
trometer (TOMS). The methodology applied for the cloudy pixels
mainly follows Brisson et al. (1999) and employs the data sensed
by three channels of the Spinning Enhanced Visible and Infrared
Imager (SEVIRI) sensor centred at 0.6 �m,  0.8 �m and 1.6 �m.  The
method relies on a simplified physical description of the radiation
transfer in the cloud-atmosphere-surface system, assuming that
the whole pixel is covered by a homogenous cloud layer (Ineichen
et al., 2009).

2.2. Selection of weather stations

Meteorological data were obtained from the JRC-MARS
database. It contains data that are collected for around seven thou-
sand weather stations in Europe, of which approximately five
thousand are currently still active. In the frame of the MCYFS
project, before entering the database, the data were checked for
consistency and errors by comparison of each observation with
the corresponding observations of surrounding stations. Finally, the
data were aggregated to a daily time step.

For each solar radiation model we used a different subset of sta-
tions for the calibration, depending on the meteorological input
needed by the models and meteorological variables measured at
each station. We  calibrated the Hargreaves model using remotely
sensed solar radiation data (DSSF) for 2153 stations for which air
temperature range data were available for the period 2005–2010,
i.e. a period with complete DSSF product availability. For 1540
stations, the cloud coverage was also measured, which was used
to calibrate the Supit–Van Kappel model. The Ångström–Prescott
model was calibrated for the 820 stations at which sunshine dura-
tion was measured.

To analyse the performance of the solar radiation models, we
extracted data from all stations which reported both solar radi-
ation and the required meteorological variables (per model) for a
period longer than 4 years and including at least one year within the
period 2005–2010. The maximum length of the remaining station
time series was  equal to 40 years, while the average length was
10 years. We removed the reference stations from our validation

set of stations. In the current MCYFS, these reference stations are
the locations for which model coefficients were calculated based
on the ground measurements and then interpolated. In our val-
idation set of stations, we retained 39 stations to evaluate the



l and 

Å
m

3

3

m
f
a
(
m
l

I

w
(
fi
b
e

3
t

s
m
t
t
t
r
t
o
i
n
a
a
1
f

I

w
T
C
o

3

r
s
p

I

w
t
p
m
a
i
e

J.S. Bojanowski et al. / Agricultura

ngström–Prescott model, 134 to evaluate the Supit–Van Kappel
odel, and 222 to evaluate the Hargreaves model.

. Methods

.1. Estimating solar radiation from sunshine hours

If weather stations do not report direct solar radiation measure-
ents, the first choice in the MCYFS is to model solar radiation

rom sunshine hours. The method proposed by Ångström (1924)
nd modified by Prescott (1940) models the surface solar radiation
Is) as a linear relationship between the daily atmospheric trans-

issivity and the fraction of daily sunshine duration (n) and day
ength (N), both in hours per day. This relation is expressed as:

s = Ix

(
Aa + Ab

n

N

)
(2)

here Aa and Ab are site-specific empirical coefficients and Ix
MJ  m−2 day−1) extraterrestrial solar radiation. Although the coef-
cients have a physical meaning (e.g. the sum of Aa and Ab can
e treated as clear sky transmissivity), they are usually derived
mpirically using measured reference solar radiation data.

.2. Estimating solar radiation from cloud coverage and air
emperature

Sunshine hours are reported for only a limited number of
tations. However recordings of daytime cloud cover and daily
aximum and minimum air temperatures are more common, as

hese can be measured without specialist instruments. The por-
ion of potential solar radiation reaching the earth’s surface during
he day is reduced due to cloud cover. The relation between solar
adiation and daily air temperature range is based on the assump-
ion that during clear-sky days the temperature range is greater; in
ther words, during the day the air temperature is greater as the
ncoming solar radiation is not filtered by clouds, while during the
ight the infrared emission from the soil surface is rapidly lost in the
tmosphere and the air temperature decreases more quickly. Supit
nd van Kappel (1998) combined a cloud coverage model (Wörner,
967) and an air temperature model (Hargreaves et al., 1985) as
ollows:

s = Ix

[
Sa

√
Tx − Tn + Sb

√
1 − Cw

8

]
+ Sc (3)

here Sa, Sb and Sc are the site-specific empirical coefficients, Tx and
n are the maximum and minimum daily air temperatures (◦C), and
w is the mean total cloud cover during daytime observations (in
ktas).

.3. Estimating solar radiation from air temperature

Daily maximum and minimum daily air temperatures are
eported for practically all stations, while cloud cover is not. A
imple method of relating Is to daily air temperature range was
roposed by Hargreaves et al. (1985):

s = IxHa

√
Tx − Tn + Hb (4)

here Ha and Hb are site-specific empirical coefficients. Because
he equation is simple and most weather stations collect air tem-
erature data, the model can be easily used for most stations. The

odel is based on the assumption that the site is not significantly

ffected by advection. In many cases, this assumption can result
n temperature-based model estimates of low accuracy (Winslow
t al., 2001).
Forest Meteorology 176 (2013) 1– 9 3

3.4. Calibration of the models

To calculate coefficients for all three models and stations used
in this study, we  applied the least square regression technique
as implemented in the R-package sirad (Bojanowski, 2012; R
Development Core Team, 2012). The method determines the model
coefficients that provide an optimal linear fit between modelled
and reference solar radiation data. In the least square regression
technique, optimal refers to the solution with the lowest root mean
square error (RMSE).

First, we  estimated model coefficients for the
Ångström–Prescott, Supit–Van Kappel, and Hargreaves models for
the 820, 1540 and 2153 stations respectively using the Meteosat
Second Generation-based DSSF product from years 2005–2010 as
a reference. In this article, we refer to this calibration as ‘Meteosat
Second Generation-based’.

We applied the same calibration approach using ground-based
solar radiation measurements. This resulted in a reference dataset
of model coefficients that was  subsequently used to assess the accu-
racy of the Meteosat Second Generation-based calibration. We  split
each station’s time series into two equal parts (for calibration and
validation) and we  used the second part (more recent period) for
this so called ‘ground’ calibration. Ground-based coefficients for the
Ångström–Prescott model were calculated for 39 stations, for the
Supit–Van Kappel model for 134 stations, and for the Hargreaves
model for 222 stations.

3.5. Spatial interpolation of model coefficients

We interpolated the Meteosat Second Generation-based coef-
ficients using kriging to obtain a model-coefficient map for
Europe. The kriging procedure models a semivariogram from the
spatial correlation structure between location values and the dis-
tance between the locations (Cressie, 1991). In our case, the
location values are the calibrated model coefficients. The semi-
variance structure is estimated by the experimental semivariogram
expressed as:

�(h) = 1
2

∑
(z(Si) − z(Si + h))2 (5)

where h is a lag distance, z(Si) is the value of a model coefficient
at some sample location and z(Si + h) is the value of the neigh-
bour at distance Si + h. Using the R package gstat (Pebesma, 2004;
R Development Core Team, 2012), the obtained empirical semi-
variograms were fitted by using theoretical semivariogram models
such as spherical for Ha and Sc, Matern (Stein, 1999) for Hb, Sa, Sb,
and Gaussian for Aa, Ab. Ordinary kriging was  then used to spatially
interpolate the model coefficients.

3.6. Evaluation of solar radiation model coefficients

Using the procedures set out above for each station and each
model, we  obtained three sets of model coefficients: (1) ground-
based, (2) Meteosat Second Generation-based, and (3) Meteosat
Second Generation-based interpolated. As a fourth set, we  also eval-
uated the model coefficients that are currently used in the MCYFS.
For each dataset and station, the model coefficients were applied to
the first half of the time-series of available meteorological obser-
vations (which had not been used before for the calibration),
resulting in four sets of solar radiation time series per station.
Additionally, for evaluating the Meteosat Second Generation-based
and Meteosat Second Generation-based interpolated coefficients, the

period 2005–2010 which had been previously used for calibration,
was removed. As noted above, for each model a different subset
of weather stations was used, depending on the model’s required
parameters
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Table  1
Performance statistics for European weather stations of the solar radiation models depending on the calibration method used (ground measurements, Meteosat Second
Generation [MSG], currently used in the MCYFS).

RMSE (MJ  m−2) RRMSE (%) MBE  (MJ  m−2)

Min Max Mean sd Min Max  Mean sd Min  Max  Mean sd

Ångström–Prescott
Ground-based 1.3 4.1 2.0 0.7 7.2 36.9 14.8 6.2 −1.7 0.7 −0.2 0.5
MSG-based 1.3 6.0 2.3 1.0 7.1 53.6 17.6 9.2 −1.1 4.5 0.4 1.4
MSG-interpolated 1.3 5.4 2.2 0.9 7.3 49.2 17.2 8.5 −1.3 3.7 0.3 1.2
MCYFS 1.3 5.8 2.3 1.1 7.2 51.7 17.1 8.5 −2.5 4.3 0.3 1.3

Supit–Van Kappel
Ground-based 1.7 6.0 2.4 0.8 9.3 38.6 19.7 4.8 −1.3 1.7 −0.1 0.4
MSG-based 1.8 6.1 2.6 0.9 10.6 42.9 21.2 5.2 −2.3 3.2 0.2 0.8
MSG-interpolated 1.8 6.4 2.9 1.0 12.0 42.4 22.9 6.1 −3.9 4.2 0.6 1.2
MCYFS 1.8 6.6 2.9 0.9 13.5 41.7 23.1 5.7 −4.2 2.9 −0.9 1.2

Hargreaves
Ground-based 2.4 6.5 3.4 0.6 13.1 46.5 29.2 6.4 −1.5 1.4 0.0 0.4
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134 stations analysed, Meteosat Second Generation-based calibra-
tion provides more accurate results than the current MCYFS
(Fig. 2c).
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Fig. 1. Box plot of the MBE  and RRMSE calculated against measured data at
MSG-based 2.7 7.0 3.5 0.7 13.6 

MSG-interpolated 2.7 9.6 3.7 0.9 14.3 

MCYFS 2.8 11.9 3.8 0.9 13.9 

The resulting solar radiation time series were compared against
he measured solar radiation for the selected stations. A pri-
ri we assumed that models employing ground-based coefficients
ould provide more accurate results as compared to models

mploying the Meteosat Second Generation-based coefficients,
ecause measured solar radiation values were used for calibra-
ion.

The model’s performance was assessed on the basis of the RMSE
nd the mean bias error (MBE) as indicators of non-systematic and
ystematic errors respectively. We  also calculated a relative root
ean square error (RRMSE) by dividing the RMSE by the average

alue of all measured values. In addition, for each model we applied
 two-sample paired t-test to examine whether the average RRMSE
or all stations was significantly different between the sets of model
oefficients used.

The accuracy of the interpolation of the Meteosat Second
eneration-based model coefficients was tested by the 10-fold
ross-validation method (Burman, 1989). In this method, the sta-
ions were randomly allocated to 10 groups. Then, one after
nother, each group was treated as the testing group, while the
emaining stations served as the training set. Validation was thus
erformed 10 times, and the final validation result was the average
f 10 validations.

. Results

.1. Evaluation of the models employing Meteosat Second
eneration-based calibration

The Meteosat Second Generation-based calibration does not sig-
ificantly improve the performance of the solar radiation model in
omparison to the current Ångström–Prescott model implemen-
ation in the MCYFS (p = 0.38, n = 39 [stations]). For 18 weather
tations, the solar radiation estimates derived from the model
sing Meteosat Second Generation-based calibrated coefficients
re less accurate than the estimates of the current MCYFS, whereas
stimates for the other 21 weather stations have a greater accu-
acy (Fig. 2a). The average RRMSE is 17.6% for Meteosat Second
eneration-based calibration, as against a slightly lower value

17.1%) for the MCYFS. The MBE  varies between −1.1 and 4.5 MJ  m−2

Table 1). At four stations, the mean bias error is greater than

 MJ  m−2.

The solar radiation estimates derived from the Meteosat
econd Generation-based calibrated Supit–Van Kappel model
re significantly more accurate than those derived from the
48.4 29.9 6.3 −3.8 3.4 0.1 0.8
52.1 31.3 7.0 −7.7 4.8 0.2 1.4
64.9 31.7 7.2 −10.3 3.7 −0.9 1.3

current coefficients implemented in MCYFS (Table 2). The average
RRMSE for estimates using the Meteosat Second Generation-
based calibrated model is 1.9% lower than when implementing
the MCYFS (p < 0.01, n = 134 [stations]). For 93 out of the
every station for the four methods of the calibration (ground-based, Meteosat
Second Generation-based, Meteosat Second Generation-based-interpolated, and
current MARS Crop Yield Forecasting System [MCYFS]) for the Ångström–Prescott,
Supit–Van Kappel and Hargreaves models. Circles represent values exceeding 1.5
times the interquartile range.
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Table  2
Significance of the differences between the performance (RRMSE) of the Ångström–Prescott, Supit–Van Kappel and Hargreaves models depending on the calibration method:
ground-based, Meteosat Second Generation-based, Meteosat Second Generation-based-interpolated, and the current MCYFS.

X Y One-sided t-test (X = Y vs X < Y) for paired samples

Ångström–Prescott Supit–Van Kappel Hargreaves

t df p t df p t df p

RRMSEground RRMSEMSG −3.65 38 0.0004 −8.05 133 1.99 × 10−13 −7.69 221 2.35 × 10−13

RRMSEMSG RRMSEinterp 0.90 38 0.81 −6.69 133 2.80 × 10−10 −7.55 221 5.60 × 10−13

RRMSEground RRMSEMCYFS −3.40 38 0.0008 −11.25 133 2.46 × 10−21 −10.30 221 7.00 × 10−21

RRMSE RRMSE −0.31 38 0.38 −6.18 133 3.70 × 10−9 −7.62 221 3.69 × 10−13

−0.6

M
r
f
o
(

F
S
s
f

MSG MCYFS

RRMSEinterp RRMSEMCYFS −0.67 38 0.25 

The temperature-based Hargreaves model calibrated using
eteosat Second Generation data yields more accurate solar
adiation estimates than the currently used MCYFS coefficients
or the same model. The average RRMSE of the Meteosat Sec-
nd Generation-based calibrated model is significantly lower
p < 0.01, n = 222 [reference stations]) as compared to the MCYFS

a

c

ig. 2. Differences in RRMSE of the Ångström–Prescott, Supit–Van Kappel and Hargreave
ystem [MCYFS] minus Meteosat Second Generation-based [MSG-based] and current M
tations where Meteosat Second Generation-based solar radiation estimates proved mor
or  interpolating model coefficients are marked by green crosses.
6 133 0.25 −1.99 221 0.02

implementation (29.9% vs 31.7%). The average MBE  of the Meteosat
Second Generation-based calibrated model is 0 MJ  m−2, whereas

the MCYFS underestimates the solar radiation values (Fig. 1) with
the average MBE  of −0.9 MJ  m−2. For only 9 of the 222 stations did
the current MCYFS coefficients yield more accurate results than the
Meteosat Second Generation-based calibration.

b

d

s models depending on the coefficients used: current MARS Crop Yield Forecasting
CYFS minus Meteosat Second Generation-based interpolated. Red dots indicate

e accurate than the current MCYFS estimates. Weather stations used in the MCYFS
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.2. Interpolation of model coefficients

Fig. 3 presents the results of the spatial interpolation of
ngström–Prescott model coefficients Aa and Ab (Eq. (1)) that were
erived from the Meteosat Second Generation-based calibration.
he mean absolute interpolation error was 0.014 ± 0.016 for Aa and
.025 ± 0.03 for Ab.

The interpolated Sa and Sb coefficients of the Supit–Van Kap-
el model (Fig. 4a and b) are in a similar range to the coefficients
eported by Supit and van Kappel (1998).  Only the values of
he coefficients estimated for the high latitudes of Scandinavia
nd Russia were not reported by Supit and van Kappel (1998)
ecause this region contained no test sites. The variability of the
c coefficient (Fig. 4c) is greater than described by (Supit and
an Kappel, 1998). The mean absolute cross-validation residuals
ere: 0.011 ± 0.01 for Sa, 0.039 ± 0.272 for Sb, and 0.218 ± 0.272

or Sc.
Fig. 5 presents the results of the spatial interpolation of the

argreaves model coefficients Ha and Hb (Eq. (3)) derived from
he Meteosat Second Generation data. Ha values are relatively
igh for areas around the Mediterranean Sea (Fig. 5a), unlike the
esults reported by van Kappel and Supit (1998).  Based on the
ross-validation the mean absolute interpolation error Ha was
.013 ± 0.012 and 0.313 ± 0.396 of Hb.

.3. Evaluation of the models employing interpolated coefficients

The Ångström–Prescott model employing Meteosat Second
eneration-based yields interpolated coefficients with a similar
ccuracy to the model coefficients currently used in the MCYFS.
he RRMSE resulting from the Meteosat Second Generation-based
nterpolated calibration is not significantly different from the
RMSE of the MCYFS implemented coefficients, i.e. 17.2% vs 17.1%
Tables 1 and 2).

The Supit–Van Kappel model employing Meteosat Second
eneration-based-interpolated coefficients has an average RRMSE
f 22.9%, which is 1.7% lower than for the model employing locally
erived Meteosat Second Generation-based coefficients. The box-
lot of the mean bias error (Fig. 1) illustrates that for most stations
he model overestimates solar radiation. For the MCYFS, Fig. 1
hows an underestimation of the solar radiation values. The RRMSE
f the Meteosat Second Generation-based interpolated calibration
22.9%) is not significantly less (p = 0.25) than the RRMSE of the
CYFS implemented coefficients (23.1%). For 74 of the 134 sta-
ions tested, solar radiation derived from the MCYFS coefficients
hows a greater error than for Meteosat Second Generation-based-
nterpolated coefficients (Fig. 2d).
d Ab (b). Weather stations used for interpolation are marked by black crosses.

The average RRMSE of the Hargreaves model employing
Meteosat Second Generation-based interpolated coefficients is
significantly lower (p = 0.023) than for the model using MCYFS-
implemented coefficients (31.3% vs 31.7%). The model calibrated
using Meteosat Second Generation data has a mean bias error
of 0.2 MJ  m−2, which is less in magnitude than the −0.9 MJ  m−2

obtained when implementing the MCYFS.

5. Discussion

The performance of the Ångström–Prescott model did not
improve following Meteosat Second Generation-based calibra-
tion. For the Supit–Van Kappel and Hargreaves models, estimates
of daily solar radiation using the Meteosat Second Generation-
based calibrated model coefficients were more accurate than
estimates obtained from the method currently used in the
MCYFS.

At most locations distant from the MCYFS’ reference sta-
tions, both Meteosat Second Generation-based and Meteosat
Second Generation-based-interpolated coefficients performed with
a greater accuracy than the MCYFS (Fig. 2a and b). Thus, it can be
expected that the average error of the model employing MCYFS’
coefficients would be greater for locations far from the weather
stations for which the model coefficients were calculated based on
ground measurements of solar radiation.

The accuracy of solar radiation estimates from the Supit–Van
Kappel model employing Meteosat Second Generation-based coef-
ficients was statistically significantly greater. In other words, for
weather stations in the MCYFS database, coefficients derived from
Meteosat Second Generation increased the overall accuracy of
modelled solar radiation.

The Hargreaves model, which uses only temperature range
as input, was the least accurate of all the models analysed. This
agrees with Mavromatis (2008) and Trnka et al. (2005),  who  found
that temperature-based models provide less accurate estimates of
solar radiation. For temperature-based models, strong advection
at some locations causes models to perform poorly and calibra-
tion cannot effectively cater for this. The improvement gained
by the Meteosat Second Generation-based calibration comparing
to the MCYFS implementation was significant. Application of the
Meteosat Second Generation-based coefficients would increase the
accuracy of the solar radiation estimates in comparison to the
method currently used in the MCYFS.
The interpolation of the Meteosat Second Generation-based
coefficients did not significantly reduce the performance of
Supit–Van Kappel and Hargreaves models compared to MSG-
based calibration. A significant improvement in comparison with
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urrent implementation in MCYFS was observed for Hargreaves
odel. This demonstrates that interpolated coefficients can be

sed for the estimation of solar radiation with good accuracy.
evertheless, the ordinary kriging used in this study does not
ccount for other possible explanatory variables that may  influ-
nce the value of the model coefficients, such as altitude. More

dvanced interpolation techniques such as co-kriging may  result in
igher interpolation accuracies, and therefore, in a more accurate
stimate of solar radiation for locations not used in the interpo-
ation. However, a comparison of interpolation techniques was

Fig. 5. Interpolation results of Hargreaves model coefficients: predicted Ha (a) and
b) and Sc (c). Weather stations used for interpolation are marked by black crosses.

outside the scope of this paper, but would be valuable for future
study.

The quality of the solar radiation measurements used for the
evaluation of the models needs to be considered when interpret-
ing results for individual weather stations. Although data included
in the MARS meteorological database was  manually checked for

inconsistencies and outlier values, the high quality and consis-
tency of the time series cannot be guaranteed for each individual
station. The creation of a homogenous database of accurate solar
radiation measurements is challenging, especially for an entire

 Hb (b). Weather stations used for interpolation are marked by black crosses.
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ontinent. The diversity of the instruments used that have dif-
erent accuracies and the need of frequent instrument calibration

ake creation of such a database almost unfeasible. For this rea-
on, databases that provide consistent quality-controlled surface
adiation data, such as the Baseline Surface Radiation Network
Ohmura et al., 1998), include a very limited number of loca-
ions. For this study we decided instead to use a large number of
eather stations that measure solar radiation, even if their accu-

acies may  differ. The better spatial coverage makes our analysis
n the performance of solar radiation models more representa-
ive for the whole continent. However, we recommend further
valuation of our satellite-based calibration method and obtained
oefficients with another independent high-quality solar radiation
ataset.

The Meteosat Second Generation-based calibration can improve
he quality of the solar radiation estimation in the MCYFS. Although
n this paper we do not test if this would result in more accu-
ate crop yield estimates, Roerink et al. (2012) showed that
irect use of accurate and spatially-continuous Meteosat Second
eneration-based solar radiation estimates represents a significant

mprovement compared with the measured and modelled solar
adiation used in the MCYFS. This implies that more accurate solar
adiation estimates translate into more accurate crop yield esti-
ates.
Currently the greatest obstacle to using satellite-based esti-

ates directly in crop models is the limited temporal coverage:
rop yield forecasting systems (such as the MCYFS) require long
>10–15 years) time series to perform a regression between his-
oric simulated and reported crop yields. For Europe and Africa,
ptions do exist however to extend the Meteosat Second Genera-
ion time series back in time. A recently published solar radiation
roduct from the Meteosat First Generation (Posselt et al., 2010)
ould be used to extend the Meteosat Second Generation prod-
ct from 1983 to present. Even if this extension proves to have
enefits (including good inter-comparability of both data sets),
ur newly calibrated solar radiation models could still be used to
ll the existing and future gaps in the satellite-based estimates,
nd to calculate solar radiation for the years before 1983, for
hich Meteosat-based solar radiation estimations are not avail-

ble.

. Conclusions

Our study demonstrates that solar radiation models cali-
rated using satellite-based Meteosat Second Generation data
stimate daily solar radiation with greater accuracy than mod-
ls employing coefficients derived from ground measurements
nd then interpolated (i.e. the current MCYFS implementation).
he improvement in model performance was statistically signif-
cant for the Supit–Van Kappel and Hargreaves models, whereas
or the Ångström–Prescott model the improvement was appar-
nt only for stations located in a sparse network of reference
tations.

We validated our calibration method for European weather
tations. However, the same approach can easily be transferred
o Africa, which is contained within the Meteosat Second Gen-
ration disc. In addition, our method may  prove useful for
ther continents when using solar radiation data derived from
ther geostationary satellites (i.e. INDOEX, GOES E, GOES W,  and
MS). Application of our method does not require a specialist

emote-sensing knowledge. Instead, the calibration of solar radi-

tion models can be performed using published satellite-based
olar radiation datasets. Alternatively for Europe, our interpo-
ated model coefficients could be used directly. However, based
n the results presented in this study, we highly recommend
Forest Meteorology 176 (2013) 1– 9

deriving location-specific coefficients instead of using interpolated
ones.

This paper was driven by the need to improve solar radiation
estimates, which could subsequently be used in an operational crop
growth modelling system (here in particular the MCYFS). Notwith-
standing, our calibration method and model coefficient maps for
Europe can be of interest of a broader community than crop growth
modellers only. This includes anyone that requires solar radiation
estimates as input to further studies on a regional, continental, or
potentially global scale, for example in the domains of agriculture,
forestry, solar energy, or climate studies.
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