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Abstract. Appropriate information on solar resources is very important for a variety of technological areas.
Based on the potential of retrieving global horizontal irradiance from satellite data, an enhanced version of the
Heliosat-2 method has been implemented at the Royal Meteorological Institute of Belgium to estimate surface
solar irradiance over Belgium from Meteosat Second Generation at the SEVIRI spatial and temporal resolution.
In this contribution, sensitivity of our retrieval scheme to surface albedo, atmospheric aerosol and water vapor
contents is investigated. Results indicate that while the use of real-time information instead of climatological
values can help to reduce to some extent the RMS error between satellite-retrieved and ground-measured solar
irradiance, only the correction of the satellite-derived data with in situ measurements allows to significantly
reduce the overall model bias.

1 Introduction est cloud at time; p((i, j) is the apparent ground albedo un-
der clear-sky condition at time With calibrated radiances
There are several methods for converting satellite images int@s input, Heliosat-2fters the opportunity to replace some of
surface solar irradiance (SSI). The Heliosat-2 method (Rigolthe empirical parameters in the scheme with known physica
lier et al., 2004) is a well-known method of inverse type. The quantities from external sources.
principle of the method is that afiérence in global radia- A modified version of the Heliosat-2 calculation schemeé!
tion perceived by the sensor aboard a satellite is only due thas been implemented at the Royal Meteorological Institut
a change in the apparent albedo, which is itself due to an inof Belgium (RMI) to retrieve SSI values from Meteosat Sec-
crease of the radiation emitted by the atmosphere towards thend Generation (MSG; Schmetz et al., 2002) satellite ovel
sensor (i.e., Cano et al., 1986; Raschke et al., 1987). A keBelgium. Section 2 presents the modificati@umptations
parameter is the cloud index (also denotedfésctive cloud  made to the method at RMI to exploit the enhanced capa
albedo),n, determined by the magnitude of change betweenpilities of MSG in the SSI retrieval. Performance of our al-
what is observed by the sensor and what should be observegbrithm is discussed in Sect. 3. Sensitivity of the retrieva
under a very clear sky. To evaluate the all-sky SSI, a clear-skcheme to clear-sky model input data is presented in Sect.
model is coupled with the retrieved cloud index which acts Final remarks and conclusion are given in Sect. 5.
as a proxy for cloud transmittance. Inputs to the Heliosat-2
method are not the visible satellite images in digital counts
as in the original version of the method (Cano et al., 1986)2 Description of the MAGIC/Heliosat-2 method
but images of radiancgsflectances: implemented at RMI

N I
{J(I’.J). p CSt(I’.J)_ (1)  The method takes advantage of the enhanced capabiliti
Pmai> 1) = pes(i 1) of the Spinning Enhanced Visible and Infrared Imager (SE
wherenl(i, j) is the cloud index at timé for the pixel , j); VIRI) on board of the MSG platform through an improved
P, j) is the reflectance or apparent albedo observed by thecene identification and applies the Modified Lambert Bee|
sensor attime p!,..(, j) is the apparent albedo of the bright- function (Muller et al., 2004) within an eigen-vector hybrid

n'(i, j) =
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look-up table (LUT) approach (Mler et al., 2009) for the  simulated outgoing radiances in the SEVIRI 0.6 andu®n8
clear-sky irradiance computation. It is based on the LibRad-spectral bands. RTM computations were performed assum-
Tran (Mayer and Kylling, 2005) radiative transfer model ing a cloud optical depth of 128 and a pure cloud thermo-
(RTM) and enables the use of extended information aboutlynamic phase (i.e., water cloud or ice cloud). Because of
the atmospheric state. The source code of the clear-sky modéhe low reflectance of a majority of natural land surfaces at
(Mesoscale Atmospheric Global Irradiance Code — MAGIC) 0.6um and the reduced influence of the vegetation seasonal
is available under gnu-public license lattp;//sourceforge. cycle on the reflectance signature at this wavelength (Asner,
nefprojectggnu-magi¢. It is worth pointing out that even if  1998), the algorithm is applied to the VIS06 channel over
the SEVIRI sensor comprises a high spatial resolution broadtand surface and to the VIS08 channel over water surface.
band visible channel (HRV, High Resolution Visible) and Based on the NWC SAF cloud and snow masks the com-
that the Heliosat method was originally conceived for work- puted cloud index at 0.6 and Quéh are either corrected or
ing with broadband images, the algorithm as in Posselt enot corrected for possible cloud shadow or snow contamina-
al. (2011) is applied to the visible narrow-band channels oftion.
SEVIRI (centered at 06m (VIS06) and 0.&um (VIS08), Third, SSI is derived for each pixel and MSG time slot
respectively). Indeed, while the MSG HRV channel has aby the combination of the satellite clearness in#téx) (a
higher spatial sampling distance than the SEVIRI spectraldecreasing function af, Hammer et al., 2003) and S&/
channels (i.e., 1km vs. 3km at the subsatellite point, re-the corresponding clear-sky surface irradiance calculated by
spectively), Jouree et al. (2012) have shown that for a mid- MAGIC:
latitude region with a rather flat orography like Belgium, the
MSG-based daily SSI retrieval is much more sensible to the>S!= k(n) - SSkir ()
temporal resolution than to the spatial resolution of the sateI—N
lite images. Therefore, only working with SEVIRI spectral
images does not require to deal with the georeferencing o
the MSG HRV images (e.g., the original HRV geolocation
performed by the EUMETSAT ground segment is only ac- SS|=(1-n)-SSk (3)
curate up ta:3 HRV pixels) which allows to save CPU time
without a noticeable loss of precision. The retrieval process Finally, the MSG retrieved all-sky SSI are integrated over
runs over a spatial domain ranging from 48\Dto 54.0' N the entire diurnal cycle and merged with the correspond-
and from 2.0 E to 7.5 E within the MSG field-of-view. In  ing daily global solar irradiation recorded within the Belgian
this domain, the SEVIRI spatial sampling distance degradeground radiometric network operated by RMI.
to about 6 km in the north—south direction and 3.3 km in the
east—west direction. 3 Performance of the RMI MAGIC/Heliosat-2 retrieval

The schematic view of the procedure is shown in Fig. 1.  scheme
First, cloud mask, snow mask and cloud phase are derived
over the domain in real time for each 15-min MSG time The key factor determining the short-term variability of the
slot with the EUMETSAT Satellite Application Facility on all-sky irradiance is cloudiness. While the Heliosat-2 method
Support to Nowcasting and Very Short Range Forecastings normally capable of reproducing most of the irradiance
(NWC SAF) software (Derrien and Le &lu, 2005) using variability caused by clouds (i.e., Hammer et al., 20083;
the MSG SEVIRI spectral information and 24 h numerical Rigollier et al., 2004; Lefvre et al., 2007; Moradi et al.,
weather forecasts from the European Centre for Medium-2009), current satellite instruments are iffiient to accu-
Range Weather Forecasts (ECMWF) two times a day. In parrately sense small broken clouds. The method then interprets
allel, the SEVIRI VIS06 and VIS08 data are converted from the scene as a large thin cloud rather than a patchwork of
counts to reflectance. small thick clouds, so that the modeled irradiance varies less

Second, at the end of each day, the VIS06 and VIS08 reand at a lower frequency than what terrestrial instruments
flectances and the NWC SAF algorithm products related towould record. Uncertainty in the modeled instantaneous ir-
the 96 MSG time slots of the elapsed day are used to deterradiance under intermittent cloudiness is therefore higher
mine the &ective cloud albedo (or cloud index), For each  than under cloudless or overcast conditions. At low solar el-
pixel in the image and each daytime MSG time slot, clear-evations, uncertainty in the cloud index generally increases
sky reflectances in the VIS06 and VIS08 spectral bapgls, because of complex 3-D reflectionfeets df the sides of
are determined from a trailing window of 60 days MSG SE- clouds, and parallaxfiects in the case of high clouds. Ad-
VIRI reflectances at 06m and 0.8um, respectively, accord- ditionally, a high surface albedo (e.g., snow-covered areas)
ing to Ipe et al. (2003). Overcast visible reflectangggx, lowers the contrast of the signal recorded by the satellite
at 0.6 and 0.8m are determined by a LUT approach using and introduces error in the cloud index. The major chal-
the cloud phase information provided by the NWC SAF soft- lenge here is to correctly attribute any high radiance value
ware. It relies on the LibRadTran (Mayer and Kylling, 2005) retrieved from satellite imagery to either a cloud scene or

ote that for &ective cloud albedo values between 0 and 0.8,
Sl is the clear-sky irradiance which is not reflected back to
pace by clouds:
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Figure 1. Schematic view of the MAGIHeliosat-2 process implemented at RMI.

a high-albedo surface. Uncertainties are thus expected to b&19.02 Wh m?). The bias is maximum in winter and mini-
higher during winter months. mum in autumn (i.e., MBE of 7.67 % (67.75 Wh & and of

Measurements from 11 radiometric stations operated by2.48 % (62.62 Wh r?) for DJF and SON, respectively). The
RMI were used to evaluate the performance of our algorithm.reported spring and summer biases are in the order of 3.07 P6
Global horizontal irradiance measurements are made with §142.09 Wh m?) and 3.83 % (167.22 Wh ) for MAM and
5 secondes time step and then integrated on a 10-min balJA, respectively. The bias originates in the use of RTM sim¢
sis in the RMI data warehouse where they undergo a set ofilated overcast visible reflectancggay, in the cloud index,
semi-automatic quality assessment procedures (8ewand  n, computation (see Eq. 1) instead of actual measured over-
Bertrand, 2011). Daily SSI values are obtained by simplecast reflectances. Simulated overcast visible reflectances tend
summation for the 10-min integrated ground-based measureto overestimate the actual ones (i.e., RTMs provide an upper
ments and by trapezoidal integration over the diurnal cyclebound onomax, Which often exceeds the actyalay) which
for the MSG-based instantaneous values. The merged dailleads to reduce the magnitude of thEeetive cloud albedo,
SSI estimations are obtained using the kriging with exter-and subsequently to an increase in the retrieved SSI. While
nal drift geostatistical approach as described in Jegiend  the observation angles of geostationary sensors remain in-
Bertrand (2010). The retrieved daily all-sky SSI are evaluatedvariable, measurements depend on varying illumination an-
first for non-merged data through a direct comparison be-gles and changes during the course of the/yizar. The larger
tween satellite derived and ground-measured data and secormias at wintertime relies on an enhanced overestimation in
by leave-one-out cross-validation (CV) for satellite-ground simulatedpmax at high solar zenith angles (low elevation).
merged estimations on the basis of one year of quality confortunately, correcting the satellite-derived daily SSI value$
trolled data (i.e., 2011). Two statistical error indices are con-by using in situ measurements reduces the overall model bias
sidered: the mean bias error (MBE) and root mean squaré¢o 0.03% (MBE, of 1.01 Whn1?) and its seasonal magni-
error (RMSE). tude (e.g., MBE, of —0.67 Wh n1? (-~0.08 %) for DJF). Fi-

Table 1 indicates that overall for the year 2011 the satellite-nally, thanks to the enhanced SEVIRI scene identification th
retrieved daily SSI data using climatological input data for method does not exhibit a particular weakness over snow&d
the MAGIC clear-sky model (i.e., CLIM(SA,AOD,WVC)) land surface.
present an overall positive bias of 3.52% (i.e., a MBE of
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Figure 2. Sensitivity of the MAGIC computed clear-sky SSI with respect to the surface albedo (SA), the aerosol optical depth (AOD) and the
atmospheric water vapor content (WVC). Values are normalized with respect to the daily integrated clear-sky SSI computed over Belgium
with the nominal values for the 3 parameters (i.e.,=S®A2, AOD= 0.2 and WVC= 15 mm).

4 Sensitivity of the retrieval scheme to the MAGIC Figure 2 displays the sensitivity of the MAGIC computed
clear-sky model input clear-sky SSI with respect to the surface albedo (SA), the
aerosol optical depth (AOD) and the atmospheric water vapor
To estimate the all-sky irradiance at each time step, the cleargontent (WVC). Basically, one year of simulations based on
sky SSl is coupled with the cloud index, which acts as aa 15-min time step were carried out by running the MAGIC
proxy for cloud transmittance. The clear-sky radiative modelcode with SA, AOD, and WVC values covering a large
is at the core of this process, as it calculates solar irradiancgange of variation. In these simulations, each parameter was
for any given sun position, state of the atmosphere, and teryaried over the largest physical range while the other two
rain conditions. The performance of the clear-sky model deyere kept fixed to their nominal values for Belgium (annual
pends on the physical soundness of its parameterizations, anglean climatological values at Uccle). The results are illus-
its ability to deal properly not only with typical cases, but trated in Fig. 2 for the annual mean of the daily integrated
also with extreme values of the main inputs, such as high loag|ear-sky SSI. Note that values in this figure are normalized
of aerosols, extreme humidity conditions, high site elevation,ith respect to the daily integrated clear-sky SSI computed
low solar elevation, unusual surface reflectance patterns, afjth the nominal values for the 3 parameters (i.e.,-Sh2,
shading €ects. The sun geometry is a deterministic param-A0p = 0.2, WVC= 15 mm). Also provided on the panels in
eter, which can be evaluated with satisfactory accuracy. Thegig. 2 (yellow strip) is the typical variability range for the
modeling of how topographyfiects the directand fiuse ra- 3 parameters in Belgium (i.e., SA ranges from 0.15 to 0.25,
diation components is also deterministic, but more complexAQD from 0.125 to 0.275 and WVC from 10 to 25) as re-
The site’s elevation determines the atmospheric pressure angeved from climatology. Clearly, the largest impact in the
the related extinction process, whereas the surrounding telsimylated MAGIC clear-sky SSI over Belgium is expected
rain determines the possible shading of the suri@mulrts o come from the integrated WVC input (variation8.2 %
of the sky. Accounting for the terrain complicates calcula- jn the simulated annual mean clear-sky daily SSI) and the im-
tions and requires a spatial resolution at least an order opact on SSI will be much higher for low atmospheric WVC.
magnitude better than the nominal resolution of the satel-gy contrast, variation in the simulated annual mean clear-sky
lite image (e.g., Cebecauer et al., 2011). Clear-sky atmogaily SS| over Belgium equals0.5 % and+2.1 % for the SA
spheric conditions are variable, both spatially and temporallyand AOD input values, respectively. Note that for SA values,
These variations are related to the changing concentrations ¢f |arge sensitivity up to 5% could appear in wintertime in the
the main radiatively active atmospheric constituents, namelyhresence of snowed land surface. It is worth pointing out that
aerosols, water vapor and ozone. In the current operationaf g pixel is detected as snowed by the NWC SAF snow mask,
scheme, climatological input data are used by the MAGIC4 snow albedo is considered in the retrieval process instead
clear-sky code. The drawback of such an approach is thagf the pixel default albedo value.
long-term averages artificially remove the natural daily fluc- 1o further assess the potential impact of SA, AOD and
tuations and the failure to represent extreme events. MoreyyC on the MSG retrieved all-sky daily SSI values, one
over, because aerosols and water vapor are highly variablgear (j.e., 2011) of SSI retrievals were performed over the
over space and time a relative coarse spatio-temporal resolyz\I's MAGIC /Heliosat-2 domain by considering for each of
tion of aerosol or water vapor data prevents a detailed renthe 3 input parameters both the MAGIC default climatologi-

dering of local small-scale patterns and could be a source 0¢a values and time series derived from in situ data, satellite
bias between estimated and measured SSI.
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Figure 3. Comparison between climatological and obsefestimated 2011 monthly mean values for surface albedo, aerosol optical depth
and water vapor content (in mm) for Uccle (Brussels).

observations or model-based forecasts. Basically, beside thase of the LSA SAF albedo product in the retrieval pro-
MAGIC default climatological surface albedo data set (i.e., cess allows to reduce the overall bias by 1.14% (e.qg., fron
annual mean surface albedo at 1° spatial resolution from  119.02 Wh m? for CLIM(SA,AOD,WVC) to 80.46 Wh m?
Clouds and the Earth’s Radiant Energy System Clouds andor SA+CLIM(AOD,WVC)). While the bias is reduced
Surface and Atmospheric Radiation Budget data productfor each season, the better improvement appears in wim-
Rutan and al., 2009) daily surface albedo values produceder (DJF) where the MBE decreases from 67.75WAm
by the EUMETSAT Land Surface Analysis Satellite Appli- (7.67 %) for CLIM(SA,AOD,WVC) to 52.49Whnt (or
cation Facility at the MSEGBEVIRI spatial resolution (Geiger 5.94 %) for SA-CLIM(AOD,WVC). Because the estimated
et al., 2008) for the year 2011 were considered. Note that irr011 monthly mean AOD values are lower than the MAGIC
both cases the MAGIC model accounts for the solar zenithdefault values excepted in autumn (see upper right panel
angle dependency of SA. Similarly, a monthly mean AOD Fig. 3), use of the 2011 AOD values degrades the overall pef
data set was generated at the MSBVIRI spatial resolu- formance of the method (i.e., MBE of 159.69 Wh3rand
tion over Belgium by aggregation of the £@0 km MODIS RMSE of 320.53 Whm? for the AOD+CLIM(SA+WVC)
Collection 5 aerosols optical depth retrievals over land (Levyretrievals vs. MBE of 119.02Whm and RMSE of
et al., 2007) and by combination with AERONET level 2.0 291.05Wh m? for the CLIM(SA,AOD,WVC) retrievals, re-
monthly mean AOD values from the 6 AERONET sites lo- spectively). The largest score reduction occurs at summey
cated within the domain to supplement the MAGIC AOD de- time where the MBE for JJA reaches up to 234.19 WA m
fault values (i.e., monthly mean AOD atxI1° spatial res- (or 5.35%) vs. a MBE of 167.22WhTh or 3.84% for
olution from Kinne et al., 2006 median model). Finally, 3- CLIM(SA,AOD,WVC). Note that on the contrary a slight
hourly water vapor profiles from theZbx 0.25° ECMWF improvement (RMS reduction of 0.01%) is reported for
model forecasts updated twice a day and interpolated at eacRON. Regarding the WVC, because estimations from th
MSG time slot were considered as an additional source oECMWF model forecasts are lower than the MAGIC de-
WVC information to the MAGIC WVC default values (i.e., fault values, use of the ECMWF model forecasts tend tq
long-term monthly mean values a8x 0.25° spatial reso- increase the overall statistical error indices as indicated in
lution taken from the ECMWF ERA-4lhterim reanalysis Table 1. However, the situation ftBring from one season
data set). Comparison between MAGIC default SA, AOD to another, combining both the LSA SAF albedo values
and WVC values for Uccle (Brussels) and the correspondingand the WVC values from the ECMWF model forecasts in
2011 monthly mean estimations is provided in Fig. 3. Notethe retrieval process (i.e., SAVVC+CLIM(AOD) in Ta-
that because ozone has only a small impact on SSI (e.g., Cdsle 1) produces the best score in terms of RMSE redud
becauer et al., 2011), a climatological value is assumed suftion (273.72 Wh m? or 8.08 % vs. 291.05 Whm or 8.60 %
ficient and no further analysis of the potential impact of this for CLIM(SA,AOD,WVC)). By contrast, accounting for the
parameter on the retrieval scheme performance was considd/VC values from the ECMWF model forecast and the es
ered here. timated 2011 monthly mean AOD values generate the wors
Table 1 summarizes in terms of error indices the resultsSSI retrieval in terms of error indices with an overall RMS
obtained for diferent combinations of the 3 ancillary pa- of 178.99 Whm? and a RMSE of 326.93 WhTA. Finally,
rameter data sources in the SSI retrieval process againghe various statistics provided in Table 1 indicate that the
the ground-based measurements. Because SA values frolargest improvement in the estimated daily all-sky SSI value
the LSA SAF are lower than the default MAGIC values, over Belgium in terms of bias reduction and RMSE decreas
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Table 1. MBE and RMSE of (A) non-merged and (B) merged daily-integrated SSI using the MAGIC default climatology and dynamical
inputs (i.e., SA, AOD and WVC) versus global solar radiation measurements at 11 stations in Belgium for the year of 2011.

(A) Non-merged daily integrated SSI

MAGIC input MBE relative RMSE relative
(Whm?)  MBE (%) (Whnt2) RMSE (%)

CLIM(SA,AOD,WVC) 119.02 352  291.05 8.60
SA+CLIM(AOD,WVC) 80.46 2.38  276.99 8.18
AOD+CLIM(SA,WVC) 159.69 472 32053 9.47
WVC+CLIM(SA,AOD) 138.32 409 292.56 8.64
SA+WVC+CLIM(AOD) 99.50 2.94 27372 8.08
SA+AOD+CLIM(WVC)  120.75 3.57  300.40 8.88
AOD+WVC+CLIM(SA)  178.99 529  326.93 9.66
SA+WVC+AOD 139.79 413  302.54 8.94

(B) Merged daily integrated SSI

MAGIC input MBE., relative = RMSE, relative
(Whm2)  MBEg, (%) (Whnt?) RMSE, (%)
CLIM(SA,AOD,WVC) 1.01 0.03% 244.41 7.22%
SA+CLIM(AOD,WVC) -0.06 <0.01% 247.71 7.32%
AOD+CLIM(SA,WVC) 1.74 0.05% 244.45 7.22%
WVC+CLIM(SA,AOD) 1.42 0.04 % 243.20 7.19%
SA+WVC+CLIM(AOD) 0.21 0.01% 246.60 7.29%
SA+AOD+CLIM(WVC) 0.74 0.02% 247.66 7.32%
AOD+WVC+CLIM(SA) 2.08 0.06 % 243.43 7.19%
SA+WVC+AOD 0.98 0.03% 246.58 7.29%

is obtained by merging both satellite retrievals and ground-SSI. The largest errors reduction is obtained when consider-
based measurements. Influence of the MAGIC input datang both the actual surface albedo and integrated water vapor
sources appears as quite negligible in the merged daily alleontent values in the retrieval process. Because the estimated

sky SSI products. As an example, the reported RMSEI- 2011 aerosol optical depth values were on average larger than
ues in Table 1 dfer by less than 5Wh i or 0.13 % between  the default MAGIC values, the overall bias of the method was
the 8 diferent merged daily products. increased when performing the SSi retrievals with these esti-

mations. However, due to limitations in the AOD retrieval

process over land surface (e.g., Hsu et al., 2004) and the
5 Conclusions limited number of AOD measurements available over the

domain, it is likely that our estimated 2011 AOD monthly
This study aimed at assessing the sensitivity of themean time series are only a crude estimation of the actual
MAGIC/Heliosat-2 method over Belgium to the surface 2011 AOD values over Belgium. As an example, the sum-
albedo, atmospheric aerosol optical depth and integrated wamer AOD background value over Belgium appears well un-
ter vapor content values required as input data by the MAGICderestimated in our reconstruction which therefore tends to
clear-sky model. Our results indicate that irrespective of thereinforce the positive bias of our retrieval scheme compared
ancillary data sources for these 3 parameters, our retrievab the ground observations and subsequently to a worse per-
scheme is positively biased over Belgium. Because simuformance of the model. Finally, whatever the sources of the
lated overcast visible reflectances tend to overestimate th&AGIC input data may be, the most accurate mapping of the
actual ones our cloud index computation leads to reduce théaily all-sky SSI over Belgium is obtained once ground mea-
magnitude of thefective cloud albedo, and subsequently to surements and satellite-based estimation are merged into a
an increase in the retrieved SSI. Use of obseestinated  single product. Correcting the satellite-derived data by using
values during the retrieval process instead of climatologicalin situ measurements reduces the overall model bias. There-
means can help to reduce to some extent the bias and RMre, the influence of the MAGIC input data sources is largely
error between satellite retrieved and ground measured all-skgnasked in the merged daily integrated all-sky SSI product,
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