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Signature of Clouds over Antarctic Sea Ice Detected
by the Special Sensor Microwave/Imager
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Abstract—A method to detect the cloud signature (mainly the
cloud liquid water) over the sea ice-covered Weddell Sea in the Aus-
tral summer season is presented. By using the polarization differ-
ences at the two high frequency channels (i.e., 37 and 85 GHz) of the
special sensor microwave/imager (SSM/I), a new quantity called

-factor is defined. Using the -factor, the atmospheric signal can
be easily separated from the surface signal and, more importantly,
the surface signal and its variation can be strongly suppressed, es-
pecially in regions with low ice concentrations. In regions with high
ice concentrations, other sea ice parameters like snow cover play
an important role as indicated by simulations usingin situ mea-
sured sea ice emissivities and observed by the SSM/I. Under the
assumption that the sea ice parameters remain sufficiently stable
within a short period (e.g., ten days), a method is proposed to de-
termine the background term from SSM/I measurements, allowing
the detection of the cloud signature. A comparison with a known
SSM/I cloud liquid water algorithm over the open ocean shows a
high degree of correlation (0.958) among the cloud signatures de-
tected by the two algorithms. On January 2 and 3, 1996, a low pres-
sure system moved into the sea ice-covered Weddell Sea. Its cloud
signature detected using the -factor method compares well with
coincident observations from both visible and infrared sensors.

Index Terms—Microwave radiometry, polar meteorology,
remote sensing of clouds, sea ice.

I. INTRODUCTION

T HE INCLUSION of more satellite observations of clouds
is needed to improve meteorological analyses and fore-

casts, especially in environments with a sparse conventional
data coverage like Antarctica [1]. Cloud parameters retrieved
using data measured with the passive microwave radiometer
special sensor microwave/imager (SSM/I) aboard the Defense
Meteorological Satellite Program (DMSP) spacecraft have been
shown to be very useful in studying the development of low
pressure systems in Antarctica [2], [3]. Due to the high emis-
sivity of the land surface and sea ice at the SSM/I frequencies,
the known SSM/I algorithms are limited to the ice free open
oceans. Observations over the last 12 years (1987–1998) using
the SSM/I show that the average sea ice coverage of the southern
circumpolar ocean (Southern Ocean) is about four and 18 mil-
lion km in Austral summer and winter, respectively. In summer,
the largest amount remains in the Weddell Sea [4]. The large
temperature difference between the ice mass of Antarctica and
the open water of the Southern Ocean results in the development
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of deep low pressure systems along the South Polar Trough [5].
This process, called cyclogenesis, is pronounced in areas where
a mountain barrier like the Antarctic peninsula forces the air
masses to ascend, creating vorticity and a lee wave trough. A
survey of mesoscale cyclogenesis near the Antarctic peninsula
carried out for 1991 based on digital satellite imagery in vis-
ible and infrared bands shows over both the Bellingshausen Sea
and the Weddell Sea sectors a pronounced maximum of the cy-
clonic activity in Austral summer [6]. Therefore, the Weddell
Sea sector was chosen as study area.

Since the mid-1970’s cloud parameters over open oceans
have been obtained using spaceborne passive microwave
radiometry [7]–[9]. Due to the low surface emissivities of open
oceans, the atmospheric water vapor and cloud liquid water
lead to a significant increase of the brightness temperatures
measured by a spaceborne radiometer. Since the first SSM/I
launch on June 19, 1987, aboard the DMSP spacecraft F-8, a
series of identical sensors has been launched aboard the suc-
cessive DMSP satellites. The SSM/I operates in a conical scan
mode, with a constant ground surface incidence angle of 53.1,
and it is equipped with three channels with both vertical and
horizontal polarizations at 19.35, 37.0, and 85.5 GHz and one
channel with just vertical polarization at 22.235 GHz. During
the last years, many SSM/I algorithms have been developed for
the retrieval of the integrated cloud liquid water or the cloud
liquid water path, , over open oceans, e.g., [10]–[13], some of
these algorithms are used operationally, e.g., [13].

Over landsurfacesandseaice, theretrievalofcloudparameters
using SSM/I data becomes much more difficult due to the large
and highly variable surface emissivities. Jones and Vonder Haar
[14] used the high sensitivity of the 85 GHz channels to retrieve
over the central United States. To minimize the effects of the sur-
face emissivity variability, they estimated the surface emissivity
under clear sky conditions using coincident measurements from
the SSM/I, the visible and infrared spin scan radiometer (VISSR)
aboard the geosynchronous GOES satellite, and the nearest ra-
diosondes. The derived surface emissivities were subsequentely
used to calculate the surface emission under cloudy conditions.
They also developed an iterative procedure to retrievefor non-
precipitating clouds by comparing the brightness temperatures
measured at 85 GHz with simulations using a radiative transfer
model, which requires, as inputs, the cloud top and base height
obtained from other sensors. This method has a few constraints.
First of all, ground surface emissivities and temperatures derived
under clear sky conditions may be significantly different from
thoseundercloudyconditionsatanother time.Moreover,because
of the low contrast between the atmosphere and the ground sur-
face,cloudsmayincreaseordecreasethebrightnesstemperatures
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measured at 85 GHz, depending on the vertical distribution of the
cloud liquid water. Therefore the method of Jones and Vonder
Haar [14] is sensitive to cloud vertical extent and altitude. Addi-
tionally, the signal arising from the cloud liquid water is of the
same order of magnitude as the sensor noise and henceforth large
retrieval errors occur by using only one channel.

In further developments of the method of Joneset al.[15] and
Combset al.[16] used the brightness temperature polarization
difference at 85 GHz. As a first advantage of this method, the
brightness temperature difference is only proportional to the sur-
face emissivity polarization difference, which is less influenced
by sea ice surface properties like roughness and moisture than
the absolute emissivity. In case of soil moisture, this has been
shown in a more recent publication by Greenwaldet al.[17]. For
snowcoveredseaice,simulationsusingaradiative transfermodel
with varying snow parameters such like grain size, density, and
liquid water content [18], andin situmeasurements [19], [20] re-
veal brightness temperature changes of the same sign and almost
the same magnitude at both polarizations. This change is mainly
causedbysurfacescatteringwhich is independentof thepolariza-
tion at the SSM/I angle and frequencies. Secondly, the brightness
temperaturedifferencecanbe measuredmoreaccurately than the
brightness temperature itself. According to Hollingeret al.[21],
the interchannel relative accuracy of the SSM/I is within 0.2 K
over a broad range of temperatures. Furthermore, this method is
only little sensitive to changes of the surface temperatures due to
thesmall valuesof thesurfaceemissivitypolarizationdifferences
over land. Over sea ice, they are small as well [22]. Brightness
temperaturesmeasuredoversnowcoveredsea iceusuallychange
less than 0.01 K for a change of the sea ice surface temperature
of 1 K [18]. Only thin ice such as nilas may cause a change of the
brightness temperatures up to 0.1 K for the same surface tem-
perature change [18]. However, the influence on the brightness
temperaturedifferenceremainsnegligiblebecause thebrightness
temperatures change with the same sign at both polarizations.

Since Greenwaldet al. [15] and Combset al. [16] need for
their retrieval a calibrated product of the surface emissivity po-
larization difference, which was derived within one seven-day
period in clear sky areas [23], the polarization difference method
seems not to be suitable in the Weddell Sea region because of the
high cloud coverage in this area. According to the International
Satellite Cloud Climatology Project (ISCCP) [24], the Southern
Ocean is one of the most cloudy areas on the earth [5]. Over the
Weddell Sea, the mean cloud amount is over 70% in winter, and
slightly less in summer. The similar albedo of ice and clouds and
the prevailing surface temperature inversion over sea ice makes
cloud detection using infrared and visible sensors very diffi-
cult. Therefore, estimating the surface emissivity and tempera-
ture using a scheme as Greenwaldet al.and Combset al.would
require a much longer averaging period than seven days, which
is improper when dealing with rapid dynamical and thermody-
namical changes of the sea ice. Several studies have reported
the influence of clouds on the retrieval of sea ice concentrations
[25]–[27], but to the best knowledge of the authors, there have
been no studies in the literature on the determination of cloud
liquid water over sea ice.

The goal of this paper is to present a method to estimate
over sea ice. To overcome the problems mentioned earlier,

the brightness temperature differences measured at 37 and 85
GHz are used. A combination of the measurements at these two
frequencies allows us to easily separate the atmospheric signal
from the ground surface signal. In developing this method we
do not account for the strong scattering at precipitation-sized hy-
drometeors at 85 GHz because of two reasons. At first, hydrom-
eteors of clouds (droplets and ice particles) usually remain small
in Antarctica because of the extremely low environmental tem-
perature [5]. Secondly, typical precipitation rates are below 0.5
mm/h in high southern latitudes, indicating that convective and
deep stratiform clouds, where larger droplets and ice particles
can develop, are rare [28]. Finally, according to this precipitation
rates, the influence of scattering at precipitation-sized hydrome-
teors on the brightness temperatures is of the same order of mag-
nitude for both, 37 and 85 GHz [29]. In Section II, the theory
is described. Section III discusses the ground surface signal. In
Section IV, a method to estimate surface background term using
SSM/I data is proposed and is finally used to detect the cloud
signature.

II. THEORY

The simplified radiative transfer equation derived by Grody
[7] is a good approximation for nonscattering and weakly ab-
sorbing atmospheres as they are typical for the high latitudes.
Here, low environmental temperatures lead to small amounts
of the integrated atmospheric water content (all phases) and
consequently to an optically thin atmosphere, even at 85 GHz.
The brightness temperature measured by a spaceborne ra-
diometer at frequency and polarization is written as

(1)

is the surface temperature andis the surface emissivity at
polarization ( or , indicating vertical and horizontal
polarization, respectively). is the nadir opacity of the at-
mosphere caused by gas absorptions and hydrometeors, andis
the satellite zenith angle at the ground surface. Using the mea-
surements at two frequencies (and ) and at two orthogonal
polarizations ( and ), we can calculate brightness temperature
polarization differences, ,
or , which are then used to define a quantity, called-factor
hereafter

(2)

By substituting (1) into (2), we get

sec (3)

where the ground surface signal, the first term, and the atmo-
spheric signal, the second term, are linearly separated. The sur-
face term, denoted by hereafter, is

(4)

with and denoting the surface emissivity polar-
ization differences at frequencies and , respectively. is
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explicitely independent of the surface temperature(not con-
sidering the temperature dependency of the surface emissivi-
ties), and depends only on the ratio of the surface emissivity po-
larization differences. The atmospheric signal can be explicitly
expressed by [kg/m ] and the integrated atmospheric water
vapor content [kg/m ]

(5)

( ) represents the difference of the liquid water (water
vapor) mass absorption coefficients at frequenciesand ,

is the difference of the dry atmosphere opacities at these
two frequencies. By substituting (3) and (4) into (5),can be
rewritten as

(6)

and and can be expressed by and as

(7)

For clarity, the frequency dependence of the parameters is
omitted in the above two equations,and are constants
and given by

sec (8)

and

(9)

The opacity difference for a dry atmosphere is small at
the SSM/I frequencies since these bands are all located in at-
mospheric window regions. Therefore, this term is neglected in
the following discussion. The liquid water mass absorption co-
efficients and depend significantly on the tem-
perature as indicated in Fig. 1, where calculations ofat 37
and 85 GHz are shown using the polynomial fit of Pettyet al.
[30]. In contrast, the temperature dependency of
is weak. The mean of over the temperature range
of C is 0.66 m/kg, with a maximum deviation of
only 3.8%. The mean of (not shown) is about three
times smaller, which, in combination with the smaller beam-
filling error at 85 and 37 GHz compared to 19 GHz [31], legit-
imates the usage of this frequency pair. The water vapor mass
absorption coefficients and are about two or-
ders of magnitude smaller than the corresponding coefficients
for liquid water. Simulations of Greenwaldet al.using Liebe’s
absorption model and radiosonde profiles give a value of

m /kg for . Profiles used in these simulations are
globally distributed, and the given value is therefore more suit-
able for middle and low latitudes than for high latitudes, where

is expected to be a little bit larger due to prevailing low
environmental temperatures. For the 85 GHz channels, a value
of 9.0 10 m /kg is used, based on calculations at 92 GHz
by Miao [32] using radiosonde measurements obtained from

Fig. 1. Liquid water mass absorption coefficients� at 37 and 85 GHz versus
the environmental temperature. The temperature dependence of�� (85; 37)
is very weak compared with� (85) and� (37). A polynomial fit of Pettyet
al. [30] was used for the calculations of� (37), and� (85).

the R/V Polarstern and the Antarctic stations Neumayer and
Amundsen-Scott. Accordingly, equals to 1.038 10 ,
and equals 2.208 m.

III. SURFACE -FACTOR

In order to detect clouds using the-factor method, the sur-
face term is required to be small, sufficiently stable, and
known. The sea surface temperature (SST) of the open ocean
near the ice edge is close to 0C with a small variability. The
changes of the surface emissivity of sea water due to a varying
SST are approximately of the same magnitude at 37 and 85
GHz for both polarizations, [33], [34], causing to
be nearly independent of the SST. In contrast, the surface wind
has a large effect, since the influence of the surface wind on the
sea surface emissivities is significantly different for the two po-
larizations [35]. By using a 3-scale model [36], the relationship
between and the surface wind speed was simulated and is
shown in Fig. 2, together with the sea surface emissivities at 37
and 85 GHz. For wind speeds less than 10 m/s,is close to
zero. Above 10 m/s, increases significantly with increasing
wind speed and reaches 0.3 at a wind speed of 20 m/s. This must
be considered when using the-factor method for the cloud sig-
nature detection over open water.

Over sea ice, is related to both the ice concentration and
the sea ice properties including the snow cover. There are dif-
ferent types of sea ice in Antarctica [37]. In the marginal ice
zone, the ice usually consists of new and mostly thin ice, such as
grease ice, pancakes, and nilas. Exceptions can be found in the
western Weddell Sea where, as in the inner ice pack, older and
thicker ice types like first- and second-year ice prevail. Almost
all mentioned ice types might be covered with frost flowers or
snow [38]–[40]. In summer, Antarctic sea ice remains covered
by metamorpheous snow, whereas on Arctic sea ice melt ponds
are a common surface feature during summer. The surface emis-
sivities of sea ice can vary substantially for different ice types
and snow covers. Additionally, physical properties of ice types
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Fig. 2. SurfaceR-factorR (37; 85) over the open ocean versus surface wind
speed, together with sea surface emissivities� and the polarization differences
�� at 37 and 85 GHz.

and their snow covers change with the season, and consequently
will also change the surface emissivities. There are somein situ
passive microwave observations of Antarctic sea ice within the
SSM/I frequency range [37], [41], but these measurements con-
centrated on the absolute emissivities at the- and -polariza-
tion, rather than the polarization differences, which are needed
for estimating . Therefore, to get a basic idea of how is
related to changing ice surface emissivities and varying ice con-
centrations simulations were done using the statistics on the sur-
face emissivities of different ice types measured in the Weddell
Sea by Comisoet al. [37]. This statistics contains no measure-
ments at 85 GHz. Thus, the 90 GHz values were used instead. To
simulate , the brightness temperatures were calculated using
the equation

(10)

where and represent the emissivities of sea water and
sea ice at polarization, respectively, and denotes the ice con-
centration within the antenna footprint. The sea surface temper-
ature was taken as 1.8 C and the ice surface temperature

was fixed at 10 C, because the ice surface temperature
was found to have only a small effect on the polarization dif-
ferences [18]. The emissivities at both polarizations have been
varied using a Gaussian distribution. The emissivity (brightness
temperature) at horizontal polarization was assumed to be lower
than that at vertical polarization. For the brightness tempera-
tures, this is only valid for spaceborne data with large footprint
sizes. Radiometricin situmeasurements usually are done using
small footprints and thus allow us to monitor only one single
surface type. This can cause to be lower than , e.g., when
looking at plane thin ice such like nilas, where interference at
the ice–water and ice–air boundaries can take place [42]. The
relation between the mean and the ice concentration is very

similar for all ice types. The same is true for the standard de-
viation of , except for ice concentrations above 80%, where
different magnitudes are observed for different types of ice, in-
dicating that ice surface features have a dominant effect on
in regions of high ice concentrations. Fig. 3 shows the case for
melting first-year ice as an example of an ice surface during
melt conditions. The average emissivities of water and ice at
37 and 90 GHz are compiled in Table I, with the standard devi-
ations where known given in parentheses [37]. Since the mean
surface emissivity polarization differences at 37 GHz for both
open water and sea ice are very similar to those at 85 GHz
(Table I, right column), the mean over open water is close to
zero and decreases to about0.07 at high ice concentrations
(Fig. 3). The sensitivity of to the variation of the sea ice
emissivity increases with increasing ice concentration, because
sea ice, in general, has a smaller surface emissivity polarization
difference than the sea surface. Consequently, difficulties using
the -factor method may arise, especially in those regions with
high ice concentrations where highly variable surface properties
cause to change with the same order of magnitude ascan
change due to clouds. In our simulations the surface emissivities
at - and -polarization are assumed to change independently,
but they are in fact related with each other. In the next section,
we will demonstrate that the variations of as observed over
the Weddell Sea by the SSM/I are smaller than the simulated
ones.

IV. SIGNATURE OFCLOUDSOVER THE SUMMER WEDDELL SEA

A. SSM/I Data

In order to demonstrate the-factor method over a region fre-
quently influenced by cyclones and covered by sea ice in Austral
summer, the Weddell Sea was chosen as a study area. Swath data
of the SSM/I aboard DMSP spacecraft F-10, F-11, and F-13 ob-
tained during the first ten days in 1996 were used. Fig. 4 shows
the mean ice concentration obtained directly from [4] (i.e., from
the NASA Team algorithm plus an individual weather correc-
tion in each pixel of the marginal ice zone) for this period in the
Weddell Sea and parts of the Bellingshausen Sea sectors.

To give a basic idea on how the brightness temperatures mea-
sured by the SSM/I change with respect to the-factor, those
pixels located in regions A2 and B (see Fig. 4) of one F-13
overpass on January 2, 1996, are shown in Fig. 5 in the plane
of the brightness temperature polarization differences at 37 and
85 GHz. The diagonal lines show constant. For that partic-
ular day, region A2 was an open ocean region, and region B
was covered with sea ice. Since the surface termover open
ocean is small and stable, the water pixels (circles) are located
around a straight line with little scatter. The increasing depo-
larization effect of the atmosphere with increasingand
causes the pixels over water to move in the direction of re-
duced polarization differences, indicated by the arrow in Fig. 5.
In this case, the atmospheric signal can be detected if the in-
fluence of the surface wind speed on is properly accounted
for, e.g., by using the surface wind speed obtained from SSM/I
measurements [33] or using model data, e.g., from the Euro-
pean Center for Medium-Range Weather Forecasts (ECMWF),
Reading, U.K. Over sea ice, however, the pixels (plus symbols)
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Fig. 3. Left: Influence of the ice concentrationC and the ice surface emissivity on the brightness temperature polarization differences at 37 and 90 GHz. The ice
concentration changes from 0% to 100% with a step size of 10%, indicated alternately by grey plus symbols and black dots. The diagonal lines starting atthe top
refer to constantR . Right: Mean and standard deviation ofR versus ice concentration.

TABLE I
SURFACE EMISSIVITIES OF WATER AND MELTING FIRST-YEAR ICE IN

THE WEDDELL SEA WITH THE STANDARD DEVIATIONS WHERE KNOWN

GIVEN IN PARENTHESIS[37]

show a much larger scatter. This is consistent with the simu-
lations presented in Section III. Following the-factor theory
discussed in Section II, an increasing atmospheric absorption
due to and will cause the ice pixels to move in the same
direction shown by the arrow for the water pixels (Fig. 5). To
extract atmospheric information, we need to know where the
pixels would be located without atmospheric influence, i.e., the
surface term . Finally, we note that both (37 GHz) and

(85 GHz) shown in Fig. 5 are well above the interchannel
relative accuracy of 0.2 K [21].

B. Background Term and the Cloud Signature

The surface -factor is influenced by the ice concentra-
tion as well as by other sea ice parameters like the snow cover,
which have to be taken into account when calculating. Ex-
cept of the ice concentration, which has been retrieved success-
fully using SSM/I measurements at 19 and 37 GHz, the re-
trieval of other sea ice parameters using satellite data is much
more difficult. In addition, the ice cover within one SSM/I foot-
print usually consists of different ice types and areas of different
ice concentrations. Using data of [4], ice concentration varia-
tions within the ten-day period were calculated (not shown). As
could be expected, the largest variations took place in regions

Fig. 4. Mean ice concentration for the first ten days of 1996 in the Weddell
Sea sector [4].

with low ice concentrations, i.e., 60%, located in the central
and northern Weddell Sea and certainly influenced by enhanced
melting during this period. Consequently, the variations were
significantly smaller in the southern Weddell Sea with its higher
ice concentrations. However, since the northern part of the Wed-
dell Sea is more often covered by clouds and air masses with
high values of and than the southern part, the influence
of varying ice concentrations on must be considered even
in the former regions. Because too many unknown parameters
are involved in modeling , we decided to determine ex-
clusively using SSM/I measurements. About 163 overpasses of
the SSM/I covered the study area in the Weddell Sea during the
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Fig. 5. SSM/I data in the plane of the brightness temperature polarization
differences at 37 and 85 GHz. Water pixels (circles) and sea ice pixels
(plus symbols) used in this graph are taken from regions A2 and B (Fig. 4),
respectively. The diagonal lines starting at the top refer to constantR (compare
Fig. 3). The arrow indicates the shift of the open water pixels due to the
increasing depolarization effect of the atmosphere with increasingL andW .

selected period, giving at least 41 observations for each pixel
which is sufficient to build a time series of for each pixel. If
we assume that clouds with a highwere a rare event and the
ground surface term was sufficiently stable within the pe-
riod and a given pixel, then we can determine a so-called back-
ground term from the time series of . Since the -factor is
the sum of the atmospheric and the surface term, for each pixel
the minimum of within the time series is equal to
plus a contribution of at the time when . To ac-
count for the temporal variation of within this period due to
varying ice conditions, using the averageof the time series,

, of each pixel will certainly improve the estimation of .
However, will be inevitably influenced by clouds. To have
a best guess, for each pixel the median of all-factors that lie
between and was selected as background term.
This term was assumed to have a neglectable cloud influence.

is expected to be slightly more influenced by, since
is normally larger than .

C. Comparison of Cloud Signatures over Open Ocean

Since and can be calculated easily over open ocean,
comparisons of cloud signatures detected using the-factor
method and known SSM/I algorithms were performed. The al-
gorithms proposed by Simmer [44] were selected because they
utilize only the vertical polarized channels of the SSM/I at 22
and 37 GHz, giving minimum overlap of the channels used for
the -factor.Fig. 6 (left) shows the background term in the
Weddell Sea for the selected period. Clearly, over open ocean,

is substantially more homogeneous than over the sea ice
covered area, where the spatial mean of(Fig. 6, right) in-
creases with increasing ice concentration (compare Fig. 4). This
increase is caused by rather than by , since air tempera-
tures and consequently the maximum amounts of atmospheric
water vapor are lower in areas with high ice concentrations than
in those with low ice concentrations. Furthermore, the spatial
standard deviations of are smaller compared to the simula-

tions of discussed in Section III (compare Fig. 3 right), es-
pecially at high ice concentrations. As pointed out earlier,
includes contributions from both the surface and. The water
vapor amount corresponding to the time when is ex-
pressed hereafter by . By using (6), can be written as

(11)

where is the surface -factor corresponding to the obser-
vation time of the median. The difference betweenand is

(12)

We define the cloud signature [kg/m ]

(13)

and the ground surface noise

(14)

represents the noise caused by the temporal variations of.
The cloud signature can be estimated using and

(15)

The cloud signature includes , and the difference between
the integrated atmospheric water vapor observed at the moment

and at the time when , . The intrusion of clouds
associated with frontal systems is usually accompanied by
changes of . Depending on the involved air masses,
can be positive or negative during the passage of such a system.
Because of the low values of the atmospheric water vapor in
polar regions, can be expected to be less than 10
kg/m , which has the same effect on the cloud signatureas
0.1 kg/m of has. Furthermore, the low spatial variations of

allow to correct for its influence using the water vapor fields
given from numerical models, e.g., from the ECMWF [43]. The
ground surface noise remains unknown so far. Moreover,
as discussed in Section III, the effect of on may be
neglected over a ten-day period for low ice concentration
areas. But for areas with high ice concentration the effect of

may be significant. remains as an unknown error source
deserving further studies.

The comparison was done for SSM/I data obtained on Jan-
uary 2, 1996, over the open ocean regions A1, A2, and A3 shown
in Fig. 4. For the calculation of , the measurements taken at
85 GHz were sampled down to match the resolution of the 37
GHz channels. Fig. 7 shows the results. The regression equation
between and [compare (6)] is

(16)

with a correlation coefficient of 0.958. The factor (2.191) multi-
plying is very close to its theoretical value of 2.208,
which was derived in Section III. The constant (0.120) is the av-
erage surface term over these areas, which corresponds to a
surface wind speed of about 14 m/s according to Fig. 2. This
is confirmed by wind speed measurements taken on the same
day at 50S, 11 W (i.e., just beyond the northern edge of region
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Fig. 6. Left: Background termR of R(37; 85) for the first ten days of 1996 in the Weddell Sea. The black contour indicates the ice edge. Right: Mean and
standard deviation ofR versus ice concentration.

Fig. 7. Comparison of cloud signatures detected using theR-factor method,
and the Simmer algorithms [44] over the open ocean regions A1, A2, and A3 in
the Weddell Sea on January 2, 1996 (see Fig. 4).r is the correlation coefficient
andN the number of pixels used.

A3 in Fig. 4) on board the R/V Polarstern, which gave a mean
wind speed of 13 m/s. There are a few outliers in the scatterplot
which have a large and a small . These pixels
were probably contaminated by precipitation. This hypothesis
is confirmed by the study of Schlueter (N. Schlueter, personal
communication). He used swath data of the SSM/I for the pe-
riods April 25–27 and April 30 to May 3, 1998, and compared
the cloud signature and the -factor in the Southern
Ocean area just beyond the sea ice edge in the Weddell Sea.

and were calculated using the algorithms of Simmer [44]. His
results are shown in Fig. 8. Each point in this scatterplot repre-
sents the average values of and within
a segment exhibiting the same cloud top temperature, which is
derived using OLS infrared images. Segments with average rain
rates higher than 0.5 mm/h are flagged out using the rain rate al-
gorithm of Bauer and Schluessel [11]. Rain contamination tends
to give a lower value of , probably due to scattering
or a higher value of when compared to the regres-
sion line. Since precipitation influences both the-factor and

, it is not clear which one of the two parameters
contributes most to this deviation.

D. Comparison of Cloud Signatures from SSM/I and OLS

The operational linescan system (OLS) is part of the same
payload as the SSM/I and provides coincident high resolution
images in the visible (VIS) and infrared (IR) bands. Therefore,
OLS data are used for the comparison with the cloud signatures
detected by the SSM/I on January 2 and 3, 1996. The three rows
of Fig. 9 contain VIS, IR, and images, respectively. In the
VIS images, cloud signatures can be identified by the different
albedos. Bright areas correspond to high, dark areas to a low
albedo. In the IR images, high to moderate temperatures (dark
and grey areas) can be related to the ground surface as well as
to extended low and middle level clouds like stratus (S), stra-
tocumulus (Sc), and low altocumulus (Ac). Low temperatures
(bright areas) indicate high level clouds like cirrus (Ci) or deep
altostratus (As) or nimbostratus (Ns) layers. For cloud levels,
types, and names see WMO [46]. Theimages derived using
SSM/I data and (15) are a mosaic of the two closest overflights
at the time indicated on top of each OLS visible image. In the

images dark areas refer to low, bright areas to high values of
.
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Fig. 8. Same as Fig. 7 but for the periods April 25–27 and April 30–May 3,
1998.r is the correlation coefficient. The regression line has the slope 2.191
and the bias 0.04. Cases contaminated by rain are flagged using the rain rate
algorithm of Bauer and Schluessel [11]. Image courtesy of N. Schlueter [45].

According to a northwesterly, becoming northeasterly upper
air flow during the first five days of January, 1996, a matured
low pressure system moved into the Weddell Sea. It became
established as a central low in this area for three days and
was accompanied by an occluded frontal system spiraling
around its center and extending as a frontal wave to the north.
Synoptic observations at several stations around the Weddell
Sea indicate a minimum surface pressure at the beginning and
an increasing surface pressure during the last three days of
the period [47]. Almost the entire Weddell Sea was covered
by clouds (see VIS images, Fig. 9). The clouds connected
to the frontal system of the low and their dynamics during
the selected period are represented well by all OLS images
shown in Fig. 9. Clouds which are not connected to the frontal
system and which exhibit a more uniform appearance can
also be identified, e.g., between Neumayer-Station and the
frontal system, where clouds mask the ice edge (left column,
Fig. 9). These clouds consist probably of nonprecipitating Sc
or Ac, cloud types which were observed at Neumayer-Station
during January 3, 1996 [47]. A variety of cloud types can
be seen within the frontal system: Ci of a bandlike structure
on top of the shown area (OLS images, left column), and at
the eastern and southern edge of the eastward moving frontal
system (all columns), hook-shaped Ci at the bottom of the
OLS images (right column), and patches and bands (probably)
of Ns, As, and Sc (all columns, Fig. 9). However, areas where
high level clouds mask underlying low to middle level clouds
cannot be detected using the OLS images alone.

The images showing the cloud signature (bottom row,
Fig. 9) compare well with the corresponding OLS images
concerning location and dynamics of the clouds within the
frontal system throughout the period. Furthermore, the highest

values of about 0.6 kg/mappear to be within the frontal
cloud bands but not necessarily in areas with the lowest cloud
top temperature (CTT) seen on the IR images. Regions of
values less than 0.05 kg/mcan be identified in the southern
Weddell Sea as well as between the frontal cloud bands at the
center of the low, where the CTT is between10 and 40 C
(IR images). This leads to the conclusion that high (low)
values cannot be related to low (high) CTT measured by the
OLS IR sensor without ambiguity. The images of contain
also areas with a speckled appearance ofvalues between
0.0 and 0.2 kg/m, e.g., just above the center of the rightmost

image. Those areas are limited to the sea ice covered region
and are common for all images shown. Since these speckled
areas cannot be identified in the OLS images, we conclude that
this speckled distribution of is more likely caused by snow
and sea ice properties (compare to Fig. 7, left).

The hook-shaped Ci clouds, which are shown at the bottom
of the OLS images of the middle and right column of Fig. 9,
can be assumed to be the only cloud type in this region. This
is confirmed by diurnal surface air temperature observations
taken at Butler Island and Limbert (located at the east coast of
the Antarctic peninsula) on January 3, 1996, being typical for
a cloudless day or a day with a coverage of high level clouds
only [47]. At the same time and location, is less than 0.05
kg/m (Fig. 9, middle and right column, bottom row). This can
be expected for high level clouds which usually show values of

that are at least one order of magnitude less than those of low
to middle level clouds [48].

The frontal cloud band moving eastward shown in the succes-
sive OLS images approached Neumayer-Station in the evening
of January 3, 1996, (upper and middle row, right column of
Fig. 9). At this time, and for the next 24 h, i.e., until GMT:
21 : 00, January 4, 1996, no precipitation was observed at Neu-
mayer Station. But from that time onwards, light to moderate
snowfall was reported for the following 36 h [47], indicating
values for of at least 0.35 kg/m[49]. The rightmost image
of (Fig. 9) shows a band with values between 0.2 and 0.4
kg/m , extending from the coast near Neumayer Station (ap-
proximately 400 km) to the north. It was located at the western
edge of the frontal cloud band (compare to the corresponding
IR image). This band was driven by the now northerly to north-
easterly upper air flow in a more southerly direction than before,
giving rise to a continued spiraling around the center of the low
and a smaller displacement perpendicular to the band itself. This
resulted in a dragging of these clouds along the coast, followed
by a delayed arrival of the above-mentionedband at Neu-
mayer Station. When this band reached the Antarctic continent,
the air masses ascended due to the orography forcing conden-
sation, the development of more clouds, and an increasing.
Since the development of orographic clouds is often followed by
prolonged precipitation events [50], [5] it seems to be quite rea-
sonable to relate the observed precipitation to this cloud band,
which in turn confirms the values derived for. However, since
precipitation-sized particles give rise to enhanced scattering and
might therefore cause a slight underestimation of(compare
Fig. 8), the real values might have been a bit larger.

Under Antarctic summer conditions, the-factor method
gives a reasonable estimation of the cloud signature, which is
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Fig. 9. Comparison of cloud signatures detected by SSM/I and OLS. The Neumayer Station is shown by the plus symbol near the right margin of each image.
The grey contour indicates the ice edge.

mainly over sea ice-covered areas. In regions of a high level,
cloud coverage IR images usually show a bright signature, i.e.,
a low CTT, masking any information on the underlying parts
of the clouds. If the -factor method gives a cloud signature
less than 0.05 kg/min those regions, then they are probably
covered by high level clouds only. If exceeds this value in
those regions, then they can be assumed to be covered either

by one deep cloud layer with a low CTT (e.g., Ns), or by a thin
Ci layer overlying low or middle level clouds. Regions with a
speckled distribution where clouds cannot be identified on
VIS/IR images are probably cloud free. Here, highvalues
are more likely caused by highly variable surface properties
yielding variable surface emissivities and a large background
term .
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V. CONCLUSIONS

Cloud liquid water is a very important parameter in under-
standing atmospheric processes and forecasting the weather.
This quantity can be successfully retrieved over open ocean
using spaceborne passive microwave data. However, retrieval
over land surfaces or sea ice is more difficult due to higher
and more variable surface emissivities. In this paper, a method
is proposed and tested to estimate the integrated cloud liquid
water from SSM/I data over the sea ice covered Weddell
Sea under summer conditions. This method uses the so called

-factor, which is the logarithm of the ratio of the brightness
temperature polarization differences measured at 37 and 85
GHz. The -factor is shown to be a sum of two terms, one
representing the ground surface signal and the other repre-
senting the contribution of and the atmospheric water vapor.
By using a time series of the-factor calculated over a period
sufficiently long to account for the high average cloud coverage
around Antarctica and sufficiently short to keep the influence of
the temporal variability of the surface signal low, a background
term representing the ground surface signal is defined. For
each pixel, is the median of all values that lie between
the minimum and the average of the time series ofobserved
by the SSM/I in the Weddell Sea during a ten-day period.
Thus, is the sum of the median of the surface-factor
of each pixel over this period and a small contribution of the
atmospheric water vapor. The cloud signature, which is
mainly , can then be estimated using the difference between

observed at the moment and.
Over open ocean, the cloud signatures detected by the
-factor technique have shown a high degree of correlation

(0.958) with those derived from known algorithms using SSM/I
measurements. Over sea ice, the frontal cloud bands of a low
pressure system that moved into the sea ice-covered Weddell
Sea at the beginning of the selected period were used for a
comparison of cloud signatures detected by SSM/I and by the
OLS sensor at the visible and infrared bands. This analysis
showed that the -factor method has the potential to give
information on location and dynamic of cloud liquid water in
frontal cloud systems. The -factor method can be used to
unambiguously detect clouds with exceeding 0.05 kg/m
over sea ice during Austral summer melt conditions. Further
studies are necessary to quantify the surface noise, to test the

-factor method in other seasons and regions, and to validate
against otherin situ measurements.
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