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Summary: This article presents a satellite-based
technique for the retrieval of cloud properties and
two follow-up products. The very computer time
efficient cloud property retrieval was evaluated
against corresponding products of the Japanese
and US space agencies (JAXA, NASA) showing
good results. In addition, two examples for the
use of the derived cloud parameters are shown:
a highly accurate rainfall retrieval and a fog de-
tection and clearance model.

Zusammenfassung: Satellitenbasierte Ableitung
von Wolkenparametern und deren Verwendung in
Niederschlagsretrievals und Nebel-Erkennungsver-
fahren. Der Artikel stellt eine Technik zur Ablei-
tung von Wolkeneigenschaften aus Satellitenda-
ten sowie zwei darauf aufbauende Produkte vor.
Die Ergebnisse des rechenzeit-optimierten Algo-
rithmus zeigen gute Ubereinstimmungen mit den
entsprechenden Produkten der japanischen und
amerikanischen Weltraumbehorden (JAXA, NA-
SA). Beispielhaft fiir diverse Anwendungsmog-
lichkeiten wird ein auf den abgeleiteten Wolken-
parametern aufbauendes Niederschlagsretrieval
sowie ein Modell zur Nebelerkennung und Nebel-
auflosung vorgestellt.

1 Introduction

Clouds play an important role in the earth-
atmosphere radiation budget. Therefore
many authors have developed satellite-
based techniques for cloud property re-
trievals (e.g. ARKING 1985, NAKAJIIMA &
NakaJiMA 1995). The cloud parameters
themselves are of high interest for weather
and climate research but they can also be
used to compute further products like rain-
fall and fog maps or warning systems for
icing in the field of general aviation (NAUSS
et al. 2004). Therefore operational process-
ing chains have been implemented at the
Laboratory for Climatology and Remote
Sensing (LCRS) in order to retrieve not only
cloud properties but also the mentioned
higher level products (cf. Nauss & BENDIX
2005). This paper gives a short overview of

the techniques used. First, the retrieval of
cloud properties — namely the cloud optical
thickness and the effective droplet radius —
using a semi-analytical approach is pres-
ented, followed by an overview of a rainfall
retrieval for the latest Meteosat system (Me-
teosat-8§ SEVIRI) and a fog detection
scheme, both of which use the cloud para-
meters.

2 Retrieval of cloud properties

Daytime cloud parameter retrievals rely on
the well-known characteristics of the reflec-
tion function of clouds in a non-absorbing
(visible) and an absorbing (near-infrared)
wavelength. This principle is illustrated in
Fig.1 for wavelengths of 0.65pum and
1.6 um. Continuous lines represent equal ef-
fective radii, dashed lines equal values of the
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Fig. 1: Reflection function of a cloud at 0.65 um
vs. 1.6 um as a function of optical thickness (das-
hed lines) and effective cloud droplet radius (so-
lid lines) for a sun and satellite zenith angle of
0°.

optical thickness. Thus the reflection func-
tion at the non-absorbing wavelength is
mainly a function of the cloud optical thick-
ness 7 and the absorbing wavelength signal
is determined by the effective cloud droplet
radius a,(an integrated value for the droplet
size distribution function, cf. HANSEN &
TrAVIS 1974).

Usually, pre-calculated reflectance values
from radiative transfer simulations are iter-
atively lined up with actual measurements
in the visible and near-infrared wavelenghts
in order to retrieve 7 and a,, (KAWAMOTO et
al. 2001, PLaTnick 2000). Because these so-
called look-up table (LUT) approaches are
based on exact radiative transfer computa-
tions they are very accurate when compared
to theoretical reflectance functions. On the
other hand, the iteration is very expensive
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Fig.2: Composite image (a) and optical thickness retrieved from MODO06 (b), ATSK3 (c) and SACURA
(d) for Terra-MODIS scene from July 18th 2001, 15:30 UTC (NAuss et al. 2005).
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in terms of computer time. Therefore Ko-
KHANVOKSY et al. (2003) developed the semi-
analytical cloud property retrieval SACURA,
which is based on the approximated versions
of the asymptotic radiative transfer equa-
tions (SOBOLEV 1984) valid for clouds with
7> 5. SACURA is much more time-effi-
cient than the LUT techniques (about factor
25), which is of great importance for oper-
ational, near real-time retrievals.

The mathematical equation of SACURA
for the reflection function in a non-absorb-
ing band is based on approximations of VAN
DE HuLsT (1980) and can be expressed by
the reflection function of a semi-infinite
cloud, the diffuse transmittance and the es-
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cape function. Therefore the calculation of
the reflection function of a finite cloud is
reduced to that of a semi-infinite one, which
only depends on the phase function, and
even this dependence is rather weak. The re-
flection function of a semi-infinite cloud is
calculated for a one-degree grid using the
exact radiative transfer code of Mis-
HCHENKO et al. (1999) for a modified gamma
distribution and effective radius of 6 pm
whereby the influence of a, is negligible
(KOKHANOVSKY 2004a).

Besides its dependence on 7, the diffuse
transmittance itself is a function of the
asymmetry parameter and the escape func-
tion, which can be approximated with high
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Fig. 3: Optical thickness retrieved by ATSK3 (a) and SACURA (b) vs. MODO06 and corresponding
percentage difference (c, d) for Terra-MODIS scene from Fig.2 (Nauss et al. 2005).
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Fig. 4: Composite image (a) and effective cloud droplet radius retrieved from MODO06-37 (a), MODO06-
16 (b), ATSK3 (c) and SACURA (d) for Terra-MODIS scene from Fig.2 (NAuss et al. 2005).

accuracy (KoKHANOVSKY 2004b). The latter
takes into account the probability that un-
der a given viewing geometry a photon is
scattered in the direction of the sensor.

In the near infrared range the reflection
function of an absorbing cloud can be found
from the solution of integral equations (NA-
KAJIMA & KING, 1992). For SACURA, sev-
eral exponential solutions (ZEGE et al. 1991,
KokHANOVSKY et al. 2003) are used, which
are valid if the probability of photon ab-
sorption is small. This is usually the case for
water clouds in the visible and near-infrared
spectrum (KOKHANOVSKY 2004a).

Since the reflection function of a cloud in
the visible band is not only a function of

but also of a,, which enters the equations
by its influence on the asymmetry para-
meter, the optical thickness cannot be re-
trieved by measurements in the non-absorb-
ing band alone. On the other hand, the re-
flection function in the near-infrared band
depends on the liquid water path, which
itself can be expressed as a function of 7, a,,
and the diffuse transmission (the latter taken
from the reflection function in the visible
channel). The substitution of the liquid
water path by these parameters yields a
single equation for the retrieval of the cloud
properties and can easily be solved numeri-
cally. For details on SACURA, cf. KOKHA-
NOVSKY et al. (2003).
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Fig. 5: Effective cloud droplet radius retrieved by ATSK3 (a) and SACURA (b) vs. MODO06-37 and
MODO06-16 respectively and corresponding percentage difference (c, d) for Terra-MODIS scene

from Fig.2 (Nauss et al. 2005).

SACURA has been evaluated against the
ATSK-3 retrieval by the Japan Aerospace
Exploration Agency (JAXA, KaAwAMOTO et
al. 2001) and the MODIS cloud property
product MODO06 (PLATNICK et al. 2003) of
the US National Aeronautics and Space Ad-
ministration (NASA). All three retrievals
show good correlations over oceans as well
as over land with a squared correlation co-
efficient (+*) larger then 0.94 for 7 and larger
then 0.79 for a, (see KOKHANVOSKY et al.
2005, Nauss et al. 2005). An example is
shown in Fig.2 for a scene of the Terra-
MODIS polar orbiting system on 18 July

2001, 15:30 UTC over the eastern Pacific
and the western part of south America. As
can be seen in Fig. 3 the correlation between
the optical thickness retrieved by MODO6,
ATSK-3 and SACURA respectively fit very
well, with an r* of 0.99 in all cases. Both,
ATSK-3 and SACURA tend to retrieve lar-
ger values of 7 as compared to MODO6.
Fig.4 shows the retrieved effective radius.
Since ATSK-3 uses near-infrared data at
3.7um while SACURA uses the 1.6um
channel, the retrievals are compared to dif-
ferent versions of the MODO06 product using
the appropriate channels in each case
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(MODO06-16 and MODO06-37). The corre-
sponding plots are shown in Fig. 5. Again,
there is a quite good correlation with an 7
of 0.99 (ATSK-3) and 0.94 (SACURA) re-
spectively.

3 Rainfall Retrieval based on cloud
properties

The straightforward approaches of satellite-
based rainfall retrievals normally identify
convective precipitating clouds by means of
their infrared brightness temperature. This
usually works well in the tropics but cannot
simply be applied to the complex situation
of mid-latitude frontal precipitation. Hence,
a new technique has been developed for Me-
teosat-8 SEVIRI, which is also applicable
to advective/stratiform precipitation in the
mid-latitudes. It consists of two modules.
The first deals with precipitation from con-
vective core areas, the second with that of
advective/stratiform precipitating clouds.

The convective module is based on the
Enhanced Convective Stratiform Technique
(ECST, REUDENBACH 2003) that uses posi-
tive temperature differences between the
water vapour and infrared channels (d;,) in
order to discriminate between deep convec-
tive, optically thick clouds (d,, > 0) and
non-raining cirrus (dy,; < 0, cf. TIEMKES et
al. 1997). Pixels with positive d,, are then
subdivided by analysing the frequency dis-
tribution of the infrared brightness tempera-
tures (TB,). Areas with TB,, < 1* quartile
of the frequency distribution represent over-
shooting tops of convective cores, those in
the 1% quartile reveal raining systems at
tropopause level and pixels with TB,, < 3"
quartile identify potentially raining cloud
systems of great vertical extension. As a re-
sult, isolated convective cores can be distin-
guished from directly adjacent stratiform
raining areas.

The advective/stratiform module is based
on the concept that potentially raining cloud
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Fig. 6: Terra-MODIS data during the Elbe flood for August 5th 2002, 11:05 UTC, showing (a) infrared
data overlayed by the synoptic situation, (b) the results of the ACT convective module merged
with data from the C-band radar network of the German weather service and (c) the same merge
but with the additionally activated ACT cloud property module.
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systems require both a certain size of drop-
lets that can fall out of the cloud against
the updraft wind field and a minimum cloud
thickness that allows droplets to grow large
enough and prevents them from evaporat-
ing below the cloud base (see also LENSKY
et al. 2003). Therefore, 225 satellite scenes
have been analysed together with data from
the ground based radar network of the Ger-
man weather service (DWD) to find a dis-
crimination function that delineates raining
from non-raining areas, using a variable
threshold value of a,,as a function of 7. The
potential benefit of this identification
scheme is shown in Fig. 6 for a scene during
the severe flood events on August 5" 2002,
11:05 UTC. It shows the complex situation
with low pressure system Hanne centred
over the north-western Netherlands causing
extensive stratiform cloud areas along the
occlusion in the north/north-eastern part of
the scene and shallow convection over the
alps indicating a dissolving cold front. Be-
tween these frontal regions intensive convec-
tion due to a high pressure ridge extending
from France to central Germany can be
clearly identified in the Terra-MODIS in-
frared image (Fig.6a). Fig. 6b presents an
overlay of radar network data (C-band) of
the German Weather Service and the retrie-
val results using only the convective module
of the rainfall retrieval. Both, the shallow
convection along the cold front over the
Alps/south-western Germany and the con-
vective systems over France and the German
mountain foreland are identified correctly
as non-raining and rainfall is assigned to the
cloud clusters along the border of the high
pressure ridge. Nevertheless, only areas
close to the tropopause in the northern stra-
tiform band where identified as raining. In
Fig. 6¢. the advective/stratiform scheme was
additionally used for the retrieval. The
identified raining area now covers almost
the entire northern cloud band and the iso-
lated systems in the centre are also well de-
tected.

4 Fog detection based on cloud
properties

Microphysical parameters play a crucial
role in the operational fog detection and dis-
sipation schemes used at the LCRS. In the
former, cloud optical depth and droplet ef-
fective radius are used in a plausibility test.
The latter scheme makes use of liquid water
path and of cloud geometrical thickness de-
rived from cloud optical depth.

The fog detection technique consists of a
series of individual tests comprising both,
pixel-based and object-oriented compo-
nents. A summary of the entire scheme is
givenin Fig. 7and described in detail in CER-
MAK & BENDIX (forthcoming). As can be
seen here, fog is treated as a residual cat-
egory after the explicit exclusion of other
classes. In a first step, all non-cloud pixels
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Fig.7: Overview of the fog detection scheme.
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Fig. 8: Meteosat-8 SEVIRI fog map for November 5" 2003, 09:00 UTC. Yellow and red areas are
fog, blue areas other water clouds.

are rejected by means of a gross cloud check.
This test makes use of the radiances received
at the sensor at 10.8 and 3.9 pm. Due to the
solar signal in the latter channel the radiance
difference of the two channels (R, s — R;,)
is smaller for cloud-contaminated than for
clear pixels. Any pixels identified as cloud-
covered then undergo tests to exclude a
number of non-fog clouds and snow. These
tests are based on a number of spectral chan-
nels. After this step all remaining cloud
areas potentially qualify as fog. These re-
gions are then clustered into spatially dis-
crete and coherent entities for further test-
ing. Each entity is assessed in terms of el-
evation and surface homogeneity. Where
either criterion is outside a predefined range
the cloud entity is flagged as non-fog.
Finally, a microphysics-based plausibility
test eliminates any pixels with droplet radii
or cloud optical depths beyond the range
observed in fog. Standard values for both
parameters were retrieved from the litera-
ture (e. g. TAMPIERT & Tomast 1976, PINNICK
et al. 1978). According to these sources, fog
optical depth normally ranges between 0.15

and 30 while droplet effective radius varies
between 3 and 12 pm, with a maximum of
20 pm in coastal fog. These values are tested
against those retrieved operationally in the
scheme presented above. The microphysics
component is of particular importance in
the scheme because it helps ensure the physi-
cal plausibility of the fog mask product. A
sample of the finished fog mask product for
November 5" 2003, 09:00 UTC, can be seen
in Fig. 8.

Once a fog mask has been derived, a
thermo-dynamical model is run to compute
the fog dissipation time for each fog-covered
pixel. This scheme again makes use of
microphysical parameters: As input the fog
dissipation model uses the 0.6 and 10.8 pm
channels, the fog mask product,
radiosounding data, a digital elevation
model, cloud optical thickness, droplet ef-
fective radius, liquid water path and cloud
geometrical thickness.

The assumption of the model is that fog
clearance happens where the temperature at
time ¢ (7') reaches a required fog clearance
temperature (7):
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Fig.9: Fog clearance model result for November 5" 2003, 12 UTC based on the fog map of Fig.7

(left) and actual fog map for 12:00 UTC (right).

T(d., Ryg, Ryp5,0) = T.(d., LWP,r,,T') (1)

T, is computed as a function of cloud geo-
metrical thickness (d.), the radiances at 0.6
(Ry¢) and 10.8 um (R,,g), and the solar ze-
nith angle (®). Geometrical thickness is
computed using an empirical parameteriz-
ation based on cloud optical depth. 7, (fog
clearance time) is defined as the time when
all fog droplets within a pixel evaporate. It
depends on cloud thickness, liquid water
path, saturation humidity mixing ratio (r,,),
and the atmospheric temperature lapse rate
(). The cloud liquid water path is computed
from droplet effective radius and cloud op-
tical depth using the relationship shown in
equation (8).

A more detailed description of the fog dis-
sipation model can be found in REUDEN-
BACH & BENDIX (1998). The operational
availability of microphysical information
computed in the above scheme allows for
this model to run continuously. A sample
model result can be seen in Fig. 9. This mask
is based on a fog mask product of November
5th 2003, 9:00 UTC. The left hand side of
the figure shows the model output for 12
UTC, the corresponding mask can be seen

on the right. Both images show good agree-
ment of fog areas indicating.
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