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To study the energy and water cycle at different spatial and temporal scales, the satel-
lite data analysis scheme SESAT (Strahlungs- und Energieflusse aus SATellitendaten)
has been developed for passive remotely sensed data, like NOAA-AVHRR, ERS-1/2
ATSR, Envisat AATSR and MSG SEVIRI data. SESAT consists of several modules
to compute cloud properties (types as well as geometrical, optical and microphysical
properties), land surface properties (radiometrical and bio-geophysical properties), sur-
face radiant and energy flux densities. SESAT could be applied to different data sets,
especially for the BALTEX watershed, to infer surface radiant flux densities and also,
as a first estimation, surface energy flux densities with sufficient accuracy. Most of the
parameters needed for this computation can be derived from meteorological satellite
data. Comparisons of net radiation, inferred from satellite data and measured at the
surface, do show sufficient accuracy, but for energy flux densities more observations at
the ground will have to be carried out to quantify the achievable accuracy.

Introduction

To improve our knowledge of climate and
weather prediction, related processes must be
clearly understood and parameterised with differ-
ent models. One goal is the investigation of the
energy and water cycle at different scales, reach-
ing from global to local scales with adequate
temporal scales from months to seconds (Cha-
hine 1992). The water cycle influences climate
and weather in different ways. The exchange
of energy and humidity between the Earth sur-
face and the atmosphere influences dynamics

and thermodynamics in weather and climate
regimes. Water in its different states plays a sig-
nificant role in the heating or the cooling of the
Earth/atmosphere system. A large fraction of the
cooling of the Earth surface is due to evapotran-
spiration at the surface. The processes within the
water and energy cycles are being studied in the
context of large hydrological experiments, for
example GEWEX (Global Energy and Water
cycle EXperiment; WMO 1990) or BALTEX
(Baltic Sea Experiment; Raschke 1994).

The dominant components of the energy and
water cycle are clouds and radiation, atmospheric
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humidity, precipitation, oceanic and land surface
processes including storage and run-off (Cha-
hine 1992). To study all these processes model
simulations and various observations have to be
merged. Thus, a large variety of observations is
necessary, from local measurements at different
field sites (routinely and/or experimentally) up
to areal integrated remotely sensed measure-
ments. However, remotely sensed data usu-
ally are instantaneous observations, hence the
processes cannot be described. Nevertheless,
process-related results may be derived from
remotely sensed data, like a frontal zone or, more
specifically, a convective cloud cell. Thus, the
fluxes resulting from remotely sensed data are
calculated as instantaneous values and, for the
comparison with surface based measurements,
either temporal or spatial averaged values are
needed and considered (Berger 2001).

To study further small scale processes (both
in space and time) with model simulations
(Mason 1994, Moeng et al. 1996, Avissar and
Schmidt 1998), which must include a detailed
validation, different efforts have been made to
determine areal integrated surface energy fluxes
from point measurements and/or remotely sensed
data (Moreno and Green 1996, Berger 1997,
Mauser and Schadlich 1998). These studies have
led to an enhanced knowledge of processes,
though additional research will improve the
quality. Thus, the aim of the present investiga-
tion has been the development and application of
an analysis scheme to infer pixel-based surface
radiant and energy fluxes from remotely sensed
data for individual atmospheric conditions
ranging from clear-sky to totally overcast. The
satellite data analysis scheme SESAT (Strahl-
ungs- und Energieflusse aus SATellitendaten)
was applied to different data sets, e.g. in May
and June 1993 or in August and September 1995
for the BALTEX watershed.

Radiant flux densities at surface

This section explains the structure of the satel-
lite data analysis scheme SESAT to infer surface
radiant and energy flux densities. The scheme
has been developed for a variety of meteorologi-
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cal, passive satellite data, like current NOAA-
AVHRR, ERS-1/2 ATSR, Envisat AATSR and
MSG SEVIRI data (Berger 2001). Future inten-
tions are the processing of MSG data to allow a
detailed analysis of the diurnal water and energy
cycle and the study of processes within these
cycles, utilizing the 15 minute time interval of
MSG observations.

An overview of the modular analysis scheme
SESAT is displayed in Fig. 1. An accurate cali-
bration (Koslowksy 1997) and a detailed geoco-
ding (Koslowsky 1977) is followed by a cloud
classification (Berger 1992, Berger 1995). The
cloud classification is based on the maximum-
likelihood classifier discriminating 26 cloud
classes for clouds at different levels with varying
cloud optical depths. Moreover, panel B in Fig.
1 includes threshold techniques to distinguish
clouds from snow and sunglint areas (Khattak
et al. 1991, Derrien et al. 1993). The results are
used to assume cloud properties, necessary for
the following radiative transfer computations.

Panel C in Fig. 1 allows cloud properties to
be inferred — the cloud optical depth as well
as effective cloud droplet radius or effective ice
crystal diameter — applying an inverse remote
sensing technique. This technique is based on
intensive radiative transfer simulations (Streamer;
Key 1999) to produce sets of look-up tables.
Consequently, a large variety of parameters is
taken into account: different viewing conditions
(solar zenith angle from 0° to 75° in steps of 5°,
satellite viewing angle from 0° to 50° in 5° steps),
various atmospheric properties (relative humidity
from 0% to 100% in 5% steps and visibility
within the atmospheric boundary layer from
1 to 50 km), different land surface properties
(different landuse types like bare soil, vegetation,
forest, sea, snow, and their related reflectances),
and the classified cloud type. These look-up
tables are interpolated to actual conditions. So, by
using a single band in the visible (about 0.6 ym)
the cloud optical depth can be inferred (Berger et
al. 1995), whereas by using two bands (about 0.6
pm and 1.6 ym) the effective droplet radius or the
effective ice particle diameter can additionally be
determined (Nakajima and King 1990). Never-
theless, it is obvious that an accurate determina-
tion of cloud optical depth, especially between
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0.5 and 30, is more significant for the computa-
tion of surface radiant and energy fluxes than the
determination of cloud microphysical properties
(Berger 2001). Another important aspect for the
computing of surface fluxes is the influence of the
three-dimensional cloud field structure, which is
not considered within this study. Using the cloud
top temperatures, cloud top heights could further
be estimated assuming a standard atmospheric
profile.

Within panel D in Fig. 1, land surface proper-
ties required for the determination of surface flux
densities will be derived. The surface reflectance
is inferred applying a 7-days sampling including
an atmospheric correction after Vermote et al.
(1995). Furthermore bio-geophysical properties,
like the leaf area index LAI or the roughness
length, are calculated using relations mainly
based on NDVI (normalized difference vegeta-
tion index) results (Gao et al. 1998).

After the computation of TOA (top of atmos-
phere) radiant fluxes (panel E in Fig. 1), using
a narrow-to-broadband conversion scheme, the
surface radiant flux densities are determined
again through an inverse remote sensing tech-
nique. In this panel, additional properties, mainly
the cloud properties from panel F in Fig. 1, are
considered. As far as the TOA fluxes are con-
cerned, the narrow-to-broadband conversion
considers the filter response functions and the
radiant intensities within the solar and terrestrial
spectrum of all available channels as well as the
surface conditions. All radiative flux components
including ultra-violet (UV) flux densities can be
calculated (Podlasly and Berger 2001). A digital
elevation model (USGS GTOPO30) is consid-
ered to compute altitude dependent flux densi-
ties. To determine longwave fluxes at surface,
look-up tables are also applied, where in case
of cloudy pixels the flux densities are modified
depending on cloud optical depth, cloud base
height and cloud type (Mecklenburg et al. 1999).
The cloud base heights which cannot be inferred
from passive remotely sensed data are assumed
from climatological information considering
the classified cloud type. Adding all radiant flux
components, the net radiation at surface is calcu-
lated, representing the most relevant quantity for
the energy balance at surface.
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Satellite Data

(e.g. NOAA-AVHRR, MSG, ERS-1/2 ATSR,
Envisat AATSR)

!

A Geocoding and Calibration

!

Cloud Classification

B (incl. sunglint and snow discrimination)
c Cloud Properties

(geometrical, optical, and microphysical)

!

Landsurface Properties
D (p, NDVI, &, T, LAL, zo)

!

Radiant Flux Densities (TOA)

(all components)

!

Radiant Flux Densities (Sfc)
F (all compoments incl. UV)

!

Energy Flux Densities

G (soil heat flux/storage,
sensible and latent heat flux)

Fig. 1. Satellite data analysis scheme SESAT.

Energy flux densities inferred
from satellite data

Within panel G in Fig. 1, the energy flux densi-
ties, as a first estimate based on climatological
conditions, can be calculated as follows:

M*:MS+MLH+MSH (D)

The first component is the soil heat flux M.,
which for high vegetation also includes the stor-
age within the canopy. Empirical equations used
for the soil heat flux are mainly based on rela-
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tions between net radiation and NDVT for differ-
ent vegetation types (Gao et al. 1998, Schwiebus
and Podlasly 2001), which vary depending on
net solar radiation. For forest a simple relation
was found (Berger 2001), where only small
flux densities are computed (up to 35 W m? for
both the soil heat flux and the storage within the
canopy).

To compute the latent heat flux density M|,
three different approaches are available within
SESAT. All approaches have been developed for
climatological studies, but will be used in this
study as a first estimate for instantaneous obser-
vations, because ground measured flux densities
differ due to varying atmospheric conditions.
The approach after Priestly-Taylor (1972) allows
the determination of the potential evaporation:

My =126 S (M*-M,) 2
The latent heat flux density M, . depends
mainly on the available energy (M* — M,); s is

the slope of saturation water vapour pressure and
7y the psychrometer constant.

Replacing the qualitative and poorly defined
potential evaporation, the grass-reference evapo-
ration was defined as an international standard
by FAO (DVWK 1996). This quantitative refer-
ence evaporation shows the evapotranspiration
of a saturated grass surface for a given location
and can therefore be used as a calibration:
= (M*-M,)

s+y*
s—y*t, +273

Lu,, [es(t2m ) - e(IZm )]

where y=1 +0.34u, and the latent heat of water
vaporization L = 28.9 — 0.28(T — 273). Equa-
tion 3 shows a more complex relation, where
the humidity (water vapour pressure e) within
the boundary layer and the wind speed u, are
considered additionally. The 2m-temperature is
computed after de Rooy and Holtslag (1999):

LHg —

=, )

where A, is a fixed value for grass of 9 W m™ K.
It has to be taken into account that net radiation
and soil heat flux can be inferred from remotely
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sensed data as a function of NDVI, whereas
the atmospheric humidity and the wind speed
can only be measured at ground. Therefore, the
present study assumes a fixed relative humidity
of 55% and a fixed wind speed of 3 m s~

Another relation used in SESAT is the
relationship after Penman-Monteith (Monteith
1965):

M

m[ )

s+j{1+r°J
r

X [es ( th

(&)

The resistances in Eq. 5 can be computed for
different landuse classes. The landuse classes
are based on the USGS landuse classification
scheme. Thus, the canopy resistance can be
determined after Maidment (1993):

_ 200
p
* T LAL

The aerodynamical resistance after Gao et al.
(1998) is computed as follows:

0.74[ z—d

e 7} ™

considering d = %/3h, (Brutsaert 1988). The height
of specific vegetation areas A, is computed using
the roughness length z: for grass i, = 7.35z,, for
forest i, = 13.27, and for urban areas A, = 11.2z,
(Wierenga 1993). For low vegetation (z, <7 cm),
the roughness length was computed after Gao et
al. (1998):

(6)

r =

a

Z,= 2.0 X 1043 +2875NDVD_ )

where NDVI is the normalised difference veg-
etation index NDVI = (p, . — Py1)/ Py + Pyis)
applying the relevant NOAA-AVHRR channels.
All other information especially for other landuse
classes, which are needed in Eq. 5, are taken
from comparable model assumptions (Hagemann
1999). To compute canopy resistance after Eq. 6,
the leaf area index (LAI) is needed. This parame-
ter may be inferred from passive remotely sensed
data for different vegetation types, for example
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Fig. 2. Evaporation for grass (left panel) and for forest (right panel) after Priestley-Taylor and Penman-Monteith for
three different wind speeds and constant relative humidity.
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Fig. 3. Evaporation for grass (left panel) and for forest (right panel) after Priestley-Taylor, after Penman-Monteith as

well as the grass-reference evaporation for different relative humidities and fixed wind speed.

for coniferous forest after Running and Nemani
(1989), for deciduos forest after BAHC (1993),
and for grass after Friedl (1996).

Figure 2 shows simulated evaporation rates
for grass and forest based on a net radiation of
600 W m™ after Priestley-Taylor and Penman-
Monteith for three different wind speeds and
constant relative humidity. In both cases the
Priestley-Taylor evaporation results in the
highest evaporation rate (potential evaporation).
After Penman-Monteith the evapotranspiration
is reduced and decreases with increasing wind
speeds. These differences are much larger for
grass than for forest. Assuming a constant
wind speed of 3 m s the error in evaporation
for grass is in the order of 50 W m™, while
it is negligible for forest. Similar evaporation

rates but with fixed wind speed and varying
relative humidities are shown in Fig. 3. Here
the evaporation is more or less independent
of relative humidity for grass surfaces, but
depends strongly on it for forest. By varying the
relative humidity the differences between the
resulting grass-reference evaporation are very
small. Again, there is a slight uncertainty of 50
W m™ in the determination of evaporation, but
only for the forest. So, for both vegetation types
the uncertainty in the determination of actual
evaporation is about £50 W m=.

Finally, the sensible heat flux density M, is
computed as the residuum of all inferred com-
ponents and depends therefore on their accuracy.
The difference to a direct estimate of sensible
heat flux densities determined by using the 2m-
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Fig. 4. Grass-reference evaporation (left panel) and evapotranspiration after Penman-Monteith (right panel) for 15

June 1993 13:15 UTC.

and the surface temperatures for specific landuse
types gives an indication about the achievable
accuracy.

Examples of grass-reference evaporation and
of evapotranspiration after Penman-Monteith are
displayed in Fig. 4. Firstly, the main influence
on evaporation clearly is due to the influence
of clouds on the surface net radiation (reduced
available energy). Secondly, the landuse
classification is important for the fraction of net
radiation to the evaporation rate. Furthermore, the
difference between the land and sea surface can
easily be seen. The left panel in Fig. 4 illustrates
a first estimate of the spatial variability of an
evaporation for grass and can be used as a first
calibration of other measurements. The right one
shows much larger evaporation rates in southern
Scandinavia, depending on the classified forests,
whereas in Poland and Germany the forested
areas are underestimated using the USGS
landuse classification which leads to a significant
reduction of evapotranspiration in this area.
In both figures, longitudinal and latitudinal
cross-sections are plotted to demonstrate the
variabilities in longitude as well as in latitude.

Figure 5 is a comparison of satellite-inferred
with surface-measured energy flux densities
for the anchorstation Tharandter Wald, located
south-east of Dresden, Saxony, Germany. The
left panel shows a distinct diurnal cycle of net
radiation for typical clear-sky conditions. A good
agreement between the ground based measure-
ments and the satellite inferred net radiation
has been achieved. As for the other energy flux
densities, potential evaporation after Priest-
ley-Taylor has led to the highest evaporation
rates and was always larger than the measured
evaporation. The grass-reference and the actual
evaporation after Penman-Monteith estimated
from satellite data are close to the surface meas-
ured evaporation with an uncertainty of about
+50 W m=. Big differences can be seen in the
soil heat fluxes, where the satellite inferred flux
density is absolutely overestimated. This is due
to an insufficient USGS landuse classification.
In this data set the surroundings of the anchor-
station Tharandter Wald are classified as grass
land, whereas in reality this is a 60 km? forested
area. The large overstimation of the soil heat flux
leads to a large underestimation of sensible heat
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Fig. 5. Energy flux densities, measured at anchorstation Tharandter Wald (solid lines) and inferred from NOAA-

AVHRR Data (symbols) for four different days in 1998.

flux, which is computed as the residuum of the
energy balance equation (Eq. 1).

The right panel in Fig. 5 shows the same
intercomparison, but for cloudy days at the
anchorstation Tharandter Wald. Here clouds
reduce net radiation and, subsequently, all
energy flux densities. In this period negative
flux densities have also been measured at surface
during the day, whereas only positive fluxes can
be inferred from the satellite measurements,
due to the relation to positive net radiation.
Counter-gradient fluxes occurring mainly
during wintertime in forested areas cannot be
currently estimated from space using passive
meteorological satellite data.

Summary and outlook

The satellite data analysis scheme SESAT was
developed to study the energy and water cycle
at different spatial and temporal scales and was
applied to passive remotely sensed data. SESAT
consists of several modules to compute cloud
properties, surface properties, surface radiant
and energy flux densities. Using SESAT, a first
estimate of surface energy flux densities may
be inferred. It has been shown that most of the
parameters needed for the computation can be
derived from meteorological satellite data. The
information about the atmospheric boundary
layer properties has to be based on ground based
observations, where the relative humidity field

can be spatially interpolated. For wind speed,
more detailed simulations applying mesoscale
models have to be carried out to consider the
influence and dependence on heterogeneous ter-
rain.

Comparisons of the radiation, inferred from
satellite data and measured at surface, show suf-
ficient accuracy, whereas for the energy flux den-
sities more observations are necessary. For the
soil heat flux, including the storage within the
canopy, more landuse types will be investigated
to develop empirical net radiation/NDVI rela-
tionships and the temporal temperature variation
from future MSG data will be used to derive soil
moisture. For the latent heat flux densities, differ-
ent model simulations will be carried out to get a
better fractioning of the flux densities depending
on landuse types. To improve the accuracy of
sensible heat flux densities, more detailed infor-
mation about the vertical temperature profile,
especially in the atmospheric boundary layer,
is needed, which may be realised within future
satellite missions. However, by applying SESAT
to passive remotely sensed data a first estimate
of surface energy flux densities was inferred.
These results strongly depend on net radiation as
well as on the applied landuse classification. A
detailed and accurate landuse classification will
allow a more accurate estimation of energy flux
densities.
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