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Summary: The analysis scheme SESAT (Strah-
lungs- und Energiefliisse aus Satellitendaten) was
applied to NOAA AVHRR and Meteosat-8 data
to calculate instantaneous values for solar radia-
tion at surface. With the beforehand cloud clas-
sification 24 clouds can be discriminated along
with the corresponding cloud optical thickness.
For evaluation a comparison between the satel-
lite-based results on the one hand and between
NOAA data and ground measurements at 3 An-
chor Stations on the other hand is presented. The
obtained information supports a critical evalua-
tion of the analysis results and demonstrates the
capability of current remote sensing techniques.

Zusammenfassung: Validierte  Globalstrahlung
am Erdboden bestimmt aus NOAA-AVHRR und
Meteosat-8 SEVIRI Daten. Das Analyseschema
SESAT wurde fiir NOAA AVHRR und Meteo-
sat-8 Daten angewendet, um Momentanwerte der
Globalstrahlung am Erdboden zu bestimmen.
Mittels einer Wolkenklassifikation, basierend auf
der Maximum Likelihood Methode, konnen 24
Wolkenklassen und deren zugehdrige optische
Dicken unterschieden werden. Eine Validierung
der Ergebnisse erfolgt durch den Vergleich der sa-
tellitenbasierten Ergebnisse untereinander und
durch den Vergleich der NOAA Daten mit Bo-
denmessungen von 3 Ankerstationen. Die Validie-
rung ermoglicht eine kritische Einschitzung der
verwendeten Techniken hinsichtlich der erzielba-
ren Genauigkeit.

1 Introduction

The knowledge of surface energy fluxes pro-
vides important information for the study
of regional and local aspects of the hydro-
logic cycle. Among the surface energy fluxes
the radiation component is both the largest
and the most controlling. Satellite remote
sensing provides information about surface
temperature and radiative properties at dif-
ferent temporal and spatial scales. The de-
termination of radiative flux densities at sur-
face is based upon these parameters, at the
same time requiring first a correction of se-
veral atmospheric effects and second an ac-
curate description of the interaction be-
tween clouds and radiation.

Regression techniques relating satellite
data with ground measurements of solar ra-
diation (TARPLEY 1979) were followed by
physical approaches. There in general radia-
tive transfer models like Streamer (Kgy
1999) are used to analyze satellite data and
to relate cloud microphysical and atmosphe-
ric properties with radiances measured at sa-
tellite level. Due to the lack of time and po-
sition adequate atmospheric profiles and in-
formation about the 3D geometrical struc-
ture of clouds and, with major importance,
their optical and microphysical properties
the accuracy of the radiation transfer codes
is still limited. The uncertainty in cloud op-
tical depth estimation is addressed by Pin-
cusetal. (1995) and Rozwapowska (2004).
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However, smaller-scale cloud heterogenei-
ties have greater impact on the radiative
budget and must be accounted for. Nume-
rous publications address the estimation of
solar radiation from satellite data. PINKER
et al. (1995) give an update of methods in-
cluding a survey of global data sets like ER-
BE or ISCCP. Generally the parameteriza-
tions concerning cloud physics, atmosphere
and aerosols became more sophisticated, li-
ke e.g. MAsUDA et al. (1995), LaszLo & PIN-
KER (1993), ScaMmETZ (1993), CHOU (1997)
or YUCEL et al. (2002) show. The achievable
accuracy for satellite-based insolation was
tested in a number of case studies. Inter mo-
del comparisons show errors around 10—20
Wm~2 on monthly time scale (PINKER et al.
1995). The validation with ground measure-
ments yields RMSE up to 115 Wm~? (e.g.
BERGER 2001, TovarR & BALDAsANO 2001)
for instantaneous and hourly solar radia-
tion, respectively.

2 Data

Satellite data with different spectral and spa-
tial resolution were applied to derive cloud
physical properties and solar radiation at
surface. Results of NOAA16-AVHRR (Ad-
vanced Very High Resolution Radiometer)
with a spatial resolution of around 1.1 km?
at nadir (Fig. 1) are compared with Meteo-
sat-8 SEVIRI (Spinning Enhanced Visible
and Infrared Imager) owning a resolution
of 3km at nadir and about 4,5 x 3 km? for
Central Europe. Meteosat-8 data were offi-
cially first released on January 27 in 2004.
Due to NOAA offering only one overflight
per day for the same area the comparison
is limited to instantaneous values, not uti-
lizing the high temporal resolution of Me-
teosat-8 (15 min).

The global digital elevation model GTO-
PO30is additionally used to describe the un-
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Fig.1: NOAA-16 AVHRR color composite (chan-
nels 1, 2 and 4) for Europe for 21/06/2004.

derlying topography. It is based on data der-
ived from 8 sources of elevation information
hence the vertical accuracy of the GTOPO30
varies from 15 meters to 500 meters at 90 %
confidence level. The horizontal grid spa-
cing of the raster-structured data is 30 arc
seconds (approximately 1 km). The vertical
resolution was chosen with 1 m for NOAA
and 25 m for Meteosat. The USGS EROS
Data center offers GTOPO30 as public do-
main data.

3 Methods

The respective similar spectral charac-teri-
stic of the considered channels (Tab. 1) al-
lows to apply the same approach for both
satellites. SESAT (BERGER 1995, 2001) is a
modular analysis scheme to calculate ra-
diant and energy flux densities at TOA and
at surface. It was extensively tested for se-
veral periods and regions with NOAA
AVHRR data (BERGER et al. 2002). The mo-
dular structure of SESAT permits the mo-

Tab. 1: Definition of the utilized spectral channels of NOAA and Meteosat-8.

Band [pm]  channel | Band [pm] channel |Band [am] channel
visible visible thermal IR
AVHRR 0,58-068 ch1 0725-100 ch2 [10,30-1130 ch4d
SEVIRI 0,56-071 ch1 0,74-0,88 ch2 9,60-11.80 chg
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dification of its single parts to the charac-
teristics of SEVIRI. These adjustments
mainly refer to the definition of new thres-
holds for brightness temperature and spect-
ral reflectance and a normalization of tro-
popause temperature both required only for
cloud classification.

The SESAT modules which are relevant
for this paper are shortly explained below.

Module A:

The data are calibrated, geocoded and
transformed onto a stereographic projec-
tion. The geocoded NOAA orbits allow the
processing of time series due to the co-loca-
tion of the single scenes. The instrument ca-
libration usually is the linear type for the
visible channels of both satellites

A=SC+1

where for NOAA A4 is the spectral albedo
[%], S the slope (% albedo per count), C
the satellite signal in 10 bit counts and 7 the
intercept. The valid coefficients are updated
by NOAA (NOAA KLM User’s Guide
2000). For Meteosat-8 the above relation
is defined with A4 the radiance
[mMWm 2sr~'(cm~!)"']. The calibration
coefficients (S, I) of Meteosat-8 SEVIRI
channels are obtained from the repeat cycle
prologue of each image (Eumetsat 2003). To
build comparable conditions for insolation
the visible channels were normalized with
the solar zenith angle.

The infrared channels for Meteosat are ca-
librated with the MSG Data Manager (TAY-
LOR 2003). Then brightness temperature is
assigned to the greyvalues (0-255) using a
look-up table. For NOAA their data service
(NESDIS) has generated look-up tables re-
lating blackbody temperature to measured
AVHRR radiance for each thermal channel
covering a range of 180 K to 340 K.

Module B:

The test classes for the cloud classification
are assessed based on physical albedo/tem-
perature characteristics. Reflectance at 0,8
pum, normalized with the solar zenith angle
for each pixel, and the brightness tempera-

ture at 10,8 um are used for the determina-
tion of the test classes. The thresholds for
the classes base on BERGER (1995). For land
and sea surfaces (class 1 to 4) a minimum
decision rule for the reflectance and a ma-
ximum decision rule for the temperature are
applied. For thick convective clouds (class
24) a maximum for albedo and a minimum
temperature are chosen. For low and mid-
level clouds the surface temperature was re-
duced depending on season to achieve the
minimum temperature followed by a maxi-
mum decision for reflectances at the defined
temperature. Altogether 24 classes, 4 cloud-
less and 20 cloud classes are obtained. Fig.
2 exemplary shows the assigned thresholds,
where the single branches represent clouds
in different heights. The corresponding
cloud classes are listed in Tab. 2. Multilaye-
red clouds are placed between the branches.
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Fig.2: Reflectance (0,8 um) versus brightness
temperature (10,8 um) as basis for cloud clas-
sification. Tab.2 contains the corresponding
cloud classes.

Tab. 2: Definition of cloud classes.

Numbher Description of cloud class
1-4 Land/ Sea/ Snow/ Sunglint
5 Low and thin
6,7 Low and thick
8,9 Multilayered |
10 Mediom high and thick
11 Medium high and thin
12,13 Multilayered I
14 - 16,19 - 21 |High and thin
17,18, 22,23  |High and thick
24 Thick convective
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Fig.3: NOAA-16 channel 1 reflectance at TOA
versus optical depth for high clouds above a
water surface and different solar zenith angles.

The cloud classification is carried out
using a maximum likelihood classifier. For
classification the 0,6 pm channel is additio-
nally considered. The single training areas
are detected automatically for the approp-
riated test classes. If a defined value for a
class was found the 3 x 3 pixel neighbour-
hood is used to calculate the statistics for
the maximum likelihood classification
(mean value and covariance matrix). If no
training area was found for a class, the sta-
tistics are provided.

Module C:

Cloud optical depth is achieved applying an
inverse look-up table method. Radiative
transfer simulations of outgoing radiance
were performed using the 1D model Strea-
mer (Kgy 1991) within the visible spectrum
varying the most controlling parameters like
solar zenith angle (SZA), satellite viewing
angle, relative azimuth angle between sun
and satellite, atmosphere type (humidity
and aerosol conditions), and land surface ty-
pe as well as optical depth itself. The results
of these simulations are tabulated. Inversely
the comparison between predicted and mea-
sured signal allows the determination of op-
tical depth for nearly all appearing condi-
tions. An example is shown for high clouds
above a water surface (Fig.3). The nonli-

near relation between the integrated spectral
reflectance and optical thickness is exemp-
lified for varying SZA. Because it is harder
to distinguish different reflectances at opti-
cally thick clouds the accuracy decreases for
these cases (PiNcus etal. 1995, BERGER
2001).

Module D:

The determination of various land surface
characteristics includes the spectral integra-
ted surface reflectance (SONG & Gao 1999)
and the effective surface temperature
(McCraN et al. 1985) under different atmo-
spheric conditions.

Module F:

Insolation at surface is derived inversely ba-
sing again on look-up tables obtained from
broadband radiative transfer simulations.
The inclusion of topography accounts for
the effect of higher direct and lower diffuse
radiation with increasing altitude. Reflected
shortwave radiation and longwave compo-
nents are calculated using the parameters
determined in the previous modules.

4 Results

The following results cover only Europe alt-
hough the processing of the complete Me-
teosat-8-scanned disc is intended. Problems
occurred especially for the cloud classifica-
tion over desert areas due to their ambi-
guous spectral properties, and for the lati-
tude dependent differences for temperature
and reflectance.

Fig. 4 shows the results of cloud classifi-
cation for one exemplary date (Fig. 1 shows
the color composite). The cloud structures
for both NOAA and Meteosat match very
well, whereas there are differences for the
assigned cloud classes caused by differing
thresholds for reflectance and brightness
temperature when defining the test classes
(Module B). The spatial integration of Me-
teosat blurs smaller structures which redu-
ces reflectance and increases temperature.
Meteosat data yield e.g. higher amounts of
low thin clouds (yellowish, class 6). The
areas with high thick and convective clouds
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Fig. 4: Exemplary results of cloud classification for NOAA (left) and Meteosat (right) for 21/06/2004.

Tab.2 contains the corresponding cloud classes.
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Fig. 5: Exemplary results for optical depth for NOAA (left) and Meteosat (right) for the same date.

(red, classes 17, 18, 22—24) are less extended
for NOAA data, where only the centres of
the high clusters are classified as thick or
convective, whereas for the outer zone of
these clusters thinner clouds are assigned.
This shift toward thicker cloud classes in
Meteosat classification exists throughout all

classes. Related to the spatial resolution of
Meteosat a coarser covariance matrix for
the classification is generated causing this
“overestimation’. Cloud classification basi-
cally is a result by its own, it merely helps
to provide information for the assignment
of microphysical properties related to cer-
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Difference for Cloud Optical Depth Meteosat - NOAA, 21/06/04, 12:30 UTC
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Fig. 6: Difference plot of cloud optical depth for 21/06/2004, 12:30 UTC for the area 15—-25°E, 50—55°N.
Regions with thick and multi-layered clouds are encircled in red.

tain cloud classes. An evaluation of classi-
fication results is difficult due to lack of re-
ferences. The impact of uncertainties on the
accuracy of adjacent parameters like cloud
optical thickness is only secondary.

There are also differences between NOAA
and Meteosat results for cloud optical depth
7 (Fig. 5). Due to the coarser spatial reso-
lution of Meteosat convective and small sca-
le cloud structures are not detected in the
very detail. Therefore these structures, ow-
ning very high optical thickness between 50
and 100, come out more clearly within the
NOAA data. Mostly the cloud optical depth
is lower for Meteosat caused by its spatial
resolution (quite in opposite to the cloud
classification result). The difference plot for
a selected area with mainly thicker clouds
(Fig. 6) shows such regions in blue colors.
The high deviations (red circles) of up to 70
only appear for certain cloud classes, espe-
cially multilayered and thick types. The

well-known effect of higher uncertainties to-
wards large t shows here very clearly.
The evaluation is problematic since none of
the data may be regarded as the truth. The-
refore also a numerical correction would not
be appropriate. Estimates of cloud optical
depth inferred from ground measurements
like RozwAaDOWSKA (2004) shows are rare.
In general both measurement uncertainties
at satellite sensors and model parametriza-
tions have a part in the uncertainty of cloud
optical depth. Due to different sensor cha-
racteristics and calibration the uncertainty
varies considerably between different satel-
lites (PIiNncuUs et al. 1995). That is also the
case for this analysis, whereas atmospheric
model uncertainties should be negligible for
the comparison of Tyyeowm a0d Tyoaa ON ac-
count of using the same look-up tables.
The derived insolation at surface in Fig.
7 visually agrees well. Meteosat data show
lower results, but the differences within the
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Fig. 7: Exemplary results for insolation at surface for NOAA (left) and Meteosat (right) for 21/06/2004.

cloud classification result and optical depth
seem to have a minor impact here. The struc-
tures as well as the reduction of insolation
for thick cloud structures are displayed well.

Fig. 8 plots the comparison of the satel-
lite-based results of insolation at surface for
June 21st. It contains about 4500 data points
covering a region of 15° to 25°E and 50° to
55° N where cloud structure is very inhomo-
geneous at this time (mainly thick and con-
vective types, partly cloudless). That may be
the reason for the enormous scatter within
the data. The RMSE for the shown example
is 108 Wm™2. The effect of lower Meteosat
optical thickness as explained above is mir-
rored in the difference plot (Fig. 9) where
the green pixel indicate higher insolation for
Meteosat mostly in the range of 150—250
Wm~2. For cloudless cases (blue pixels)
NOAA insolation is higher since for Meteo-
sat these regions are classified with low thin
clouds. These values are shown in Fig. 8 as
the rather horizontal branch in the upper
part.

In former studies (SCHWIEBUS 2004) the
validation for insolation with ground truth
data was carried out. Fig. 10 shows a com-
parison of NOAA insolation results with
measurements of 3 Anchor Stations (Tha-
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Fig. 8: Inter satellite comparison of insolation at
surface for 21/06/2004, 12:30 UTC for the area
15-25°E, 50—55°N with thicker and high clouds
dominating.

randt, Melpitz, and Lindenberg; 10 x 10 pi-
xel mean) using discrete cloud classes. The
blue fit represents cloudless cases, the grey
fit high and thick cloud cover. The following
effects become apparent: for thick clouds
with an optical thickness > 20 the cloud
structures are uniform and the their impact
on insolation is equally so the RMSE
(Wm™2, see table) is lower for such cloud
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types as well as cloudless features (see box).
Thinner clouds with optical thickness < 10
often show inhomogeneous structures
which leads to greater uncertainties for the
determination of insolation. Multilayered
clouds are hard to parameterize due to lack
of information about 3D cloud field and ver-
tical structure. The RMSE therefore is much
higher here. The accuracy of ground mea-
surements of insolation usually is assumed
to be + 3% for class A pyranometers. The
variation within the 10 x 10 pixel mean is
higher depending on the respective cloud
structure. However, the NOAA geocoding
has a limited accuracy, so the use of a pixel
mean is highly recommended, if no second
navigation is applied. Another problem: the
instantaneous satellite data are compared
with half-hourly data. Even with interpola-
tion one may not meet the appropriate value
especially for temporally high variable
quantities.

5 Discussion

The results clearly show the deficits within
the cloud parameterization especially for
Meteosat. The adjustments of SESAT to
Meteosat were tested with one scene only,
so the results are still preliminary. Further
testing for time series is required to improve
the adaptation. The application of the high
resolution visible (HRV) channel of Meteo-
sat-8 with a resolution of 1km at nadir
would solve certain problems which are ex-
plicitly related to the coarser resolution cur-
rently used. Due to the short period of Me-
tesosat-8 data availability no examination
of measurement (sensor) uncertainties was
carried out so far. The evaluation has to be
extended towards more cloud types to fur-
ther discuss the effect of different clouds on
radiative transfer. Recently generated look-
up tables (Streamer) which include bidirec-
tional reflection functions for land surfaces
and clouds instead of assuming isotropic
conditions will enhance the accuracy of ra-
diation and improve the quality of cloud
properties.

The obtained accuracies for insolation are
within the range of other investigations sho-

wing validation with ground truth data for
instantaneous quantities (RMSE about 120
Wm?). The uncertainty of both NOAA and
Metosat-8 results has to be accounted for
in follow-up computations. The quality of
insolation results is sufficient for monthly
data but for instantaneous data the accuracy
is still limited.
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