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An ERS-1 Synthetic Aperture Radar Image of a
Tropical Squall Line Compared with Weather Radar
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Abstract—A radar image acquired by the C-band synthetic
aperture radar (SAR) aboard the European Remote Sensing
satellite ERS-2 over the coastal waters south of Singapore showing
radar signatures of a strong tropical squall line (“Sumatra
Squall”) is compared with coincident and collocated weather
radar data. Squall line features such as the gust front, areas
of updraft convergence, and rain areas are identified. Possible
attenuation effects from the rain drops in the atmosphere under
very heavy rain (rain rate 100 mm/h) is suggested. In addition,
the possibility of extracting the associated geophysical parameters,
i.e., rain rate and wind speed from SAR imagery is investigated.
The rain rate is estimated from the attenuation signature in the
SAR image. Comparison between the estimated rain rate and
weather radar rain rate shows consistency. Wind speed associated
with the squall line is estimated based on the CMOD4 wind
scatterometer model. The estimated wind speed pattern appears
to be in agreement with the observed squall line structure. Possible
errors in the wind estimation due to effects of rain are suggested.

I. INTRODUCTION

PRECIPITATION in the tropics usually occurs in the form
of intermittent rain events, also called rain cells, which are

strongly localized in time and space. They are categorized into
four different groups: 1) ordinary storm cells (also called “or-
dinary rain cells”), 2) supercell storms, 3) multicell storms, and
4) squall lines [1], [2]. Tropical rain cells consist of convective
clouds (cumulonimbus clouds or thunderstorms) which are the
source of heavy rain and lightning in the equatorial regions. Ever
since the SEASAT mission in 1978, radar signatures of tropical
rain cells have been observed on synthetic aperture radar (SAR)
images acquired over tropical ocean [3]–[12]. Quantitative in-
vestigations of these radar signatures have been hampered by the
lack of in-situmeasurements for comparison. To a large extent,
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the interpretation still remains speculative. Though the potential
of using ground or ship-based weather radar data for comparison
with SAR images showing radar signatures of rain cells has long
been recognized, only very few cases have been reported where
such coincident and collocated data sets are available [5]–[7],
[12].

SAR images from the European Remote Sensing satellites
ERS-1 and ERS-2, which have been acquired over tropical
oceans, often show radar signatures of all four types of rain
cells. This SAR operates at a frequency of 5.3 GHz (C-band)
and at vertical polarization for transmission and reception (VV
polarization). The swath width is 100 km and the incidence
angle lies between 20.10and 25.9. In this paper, we present
an ERS-2 SAR image which was acquired over coastal waters
south of Singapore on September 22, 1996 and which shows
radar signatures of a tropical squall line with very heavy
precipitation (in some areas larger than 125 mm/h). Such
strong tropical squall lines are often encountered in the Strait of
Malacca separating the Malay Peninsula from the Indonesian
island of Sumatra. Since these squall lines have their origin in
Sumatra they are also called “Sumatra Squalls.” In our analysis
of the ERS-2 SAR image of September 22, 1996 we incorporate
for comparison two sets of radar data which were acquired
by two ground-based weather radars located in Singapore. It
turns out that they greatly assist in feature identification and
validation of the analysis of the ERS-2 SAR image.

The possibility of using SAR backscatter signatures quanti-
tatively in extracting the associated geophysical parameters of
rain events is discussed. Possible areas of attenuation in the SAR
backscatter by heavy rainfall are suggested. These signatures are
investigated further to estimate the associated rain rate based on
the attenuation relationship for C-band radar by tropical. In ad-
dition, the SAR backscatter signatures are used to estimate wind
speed across the squall line. This possibility in estimating wind
speed in the SAR imagery using scatterometry models has re-
ceived considerable attention in the recent literature [13]–[19].
Given the wind direction, the wind speed can be estimated from
the single backscatter measurement of SAR by using a wind
scatterometer model, e.g., the CMOD 4 model [20], [21]. This
concept of using SAR as a high-resolution wind mapper has
shown to be useful in providing detail wind structures of spe-
cific mesoscale atmospheric phenomena and is applied here in
revealing detail wind structures of the tropical squall lines.
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II. TROPICAL SQUALL LINES

Meteorologist usually define a squall line as a line of thunder-
storms [1]. A tropical squall line is associated strong convective
activity and consists of clusters of rain cells whose physical di-
mension can be several hundred kilometers. The individual rain
cells tend to be aligned at the forefront of the squall line. Since
the associated wind gust fronts of the individual rain cells usu-
ally merge to form a single gust line, it seems to be appropriate
to call such rain event squall line.

“Sumatra Squalls” are tropical squall lines or thunderstorms
that affect the Malay Peninsula and Singapore. During the colo-
nial period (before 1962), the British meteorologists at the fore-
cast offices in this region called this special type of thunder-
storms “Sumatra Squalls” because they believed that they have
their origin at the island of Sumatra. Later weather satellite ob-
servations have shown that the Sumatra Squalls are often trig-
gered by the arrival of equatorial super clusters of thunderstorms
(a component of the Madden–Julian oscillation) that propagate
into the region from across the Indian Ocean (from the crest).

Weather radar images have revealed that the development of
a Sumatra Squall starts with strong convective activities in the
Malacca Strait during the night. Individual rain cells begin bub-
bling up in the Strait of Malacca from about 2000 local time.
As the convective cells grow more widespread and intense, they
align themselves into a line, sometimes extending more than 300
km from south to north. During the night, the line of thunder-
storms are held off the west coast of the Malay Peninsula, prob-
ably by land breeze. During sunrise, they sweep in over land,
generating in the early morning hours strong gusts and heavy
showers in Singapore and the southern region of Malaysia.

III. ERS SAR IMAGES

Fig. 1 shows an ERS-2 SAR image of an ocean area south
of Singapore on which radar signatures of a tropical squall line
(Sumatra Squall) can be delineated. This image was acquired on
September 22, 1996 at 0324 UTC or 1124 local time during a de-
scending pass of the ERS-2 satellite (orbit: 07444, frame: 3591,
center coordinates: 0.752 N, 103.938 E). In order to facilitate
the comparison with the weather radar data we have displayed
this SAR image in Fig. 1 as an equidistant cylindrical map pro-
jection. In this SAR image we have marked the gust front of the
squall line by a dashed line. As can be seen on the ERS-2 SAR
image acquired over the adjacent southern area (same orbit, but
frame 3609, not shown here), the frontal line extends approx-
imately 80 km further south. The box inserted into the image
of Fig. 1 marks the area for which a detailed comparison with
weather radar data will be carried out in Section V. The dashed
line inserted in the SAR image denotes a profile along which
the variation of the normalized radar cross section (NRCS) will
be determined and converted into wind speed. Another ERS-2
SAR image of the same ocean area, which was acquired on Jan-
uary 10, 1999 at 0324 UTC (orbit: 19468, frame: 3591) is de-
picted in Fig. 2 for comparison. On this day there was no squall
line present and the islands in the Strait of Singapore were not
obscured by rain cells. The comparison of both images clearly

Fig. 1. ERS-2 SAR image of a squall line (“Sumatra Squall”) located over the
coastal waters south of Singapore (orbit: 07444, frame: 3591, date: September
22, 1996, time: 0324 UTC). The box-marked area in the upper part of the SAR
image denotes the area which was also imaged by the Singapore C-band weather
radar one minute later (see Fig. 7). The gust front associated with the squall line
propagating southeastwards is marked by a dashed line. Also inserted in this
image is the profile (dotted line) along which the windspeed is determined.

Fig. 2. ERS-2 SAR image of the same area as in Fig. 1, but acquired on a
clear day when there was no squall line present (orbit: 19468, frame: 3591,
date: January 10, 1996, time: 0324 UTC). Visible are the islands in the Strait
of Singapore which were obscured in the ERS-2 SAR image depicted in Fig. 1
by the presence of the squall line.
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Fig. 3. Image acquired in the visible band by the Japanese weather satellite
GMS on September 22, 1996 at 0230 UTC showing a cloud front extending
north to south from the east coast of the Malay Peninsula, via the east coast of
Singapore to the east coast of Sumatra. The position of this cloud front is close to
the position of the gust line visible on the ERS-2 SAR image depicted in Fig. 1.

Fig. 4. Color-coded plot of radar reflectivity derived from data of the S-band
weather radar located at Singapore which were acquired on September 22, 1996
at 0200 UTC, i.e., 1 h and 24 min before the acquisition of the SAR image
depicted in Fig. 1. The color code is such that red denotes high, yellow medium,
and blue low radar reflectivity corresponding to high, medium, and low rain
rate, respectively. The circles denote the 50, 100, 150, 200, and 250 km range
isolines.

shows that for the strong rain event of September 22 the atten-
uation of the microwaves by the rain drops in the atmosphere
affects the radar signature over water as well as over land.

IV. COMPARISON WITH A WEATHER SATELLITE IMAGE

First we compare the SAR image depicted in Fig. 1 with
an image acquired in the visible band by the Japanese Geo-

stationary Meteorological Satellite (GMS), on September 22,
1996 at 0230 UTC, i.e., 54 min. before the acquisition of the
ERS-2 SAR image. (Unfortunately, the satellite image of 0330
UTC is not available because of transmission problems.) This
image, which is depicted in Fig. 3, shows a cloud front extending
north-south from the east coast of the Malay Peninsula via the
east coast of Singapore to the east coast of Sumatra. The posi-
tion of the cloud front is perspicuous close to the position of the
gust front visible on the SAR image (Fig. 1). The fact that the
position of the cloud front visible on the GMS image is slightly
west of the position of the frontal line visible on the SAR is due
to the fact that the squall line was moving southeastwards. This
motion can be inferred, e.g., from the observation that the posi-
tion of the gust front in the ERS SAR image which was acquired
at 0324 UTC lies between the position of the cloud front in the
GMS images acquired at 0230 UTC and 0430 UTC (not repro-
duced here). In addition, also the comparison of the position of
the cloud front in the GMS images acquired at 0030 UTC, 0130
UTC, 0230 UTC, and 0430 UTC (not reproduced here) clearly
reveals a southeastward motion of the cloud front.

V. COMPARISON WITH WEATHER RADAR IMAGES

Evidence that the radar signatures visible in the left-hand sec-
tion of the SAR image originate indeed from a tropical squall
line is provided by radar images from two ground-based weather
radar stations in Singapore. The first weather radar is an in-
coherent S-band radar operating at horizontal polarization for
transmission and reception. From the data of this radar hand-
plotted images are produced every hour from the display on the
plane position indicator (PPI) screen. For ranges below 100 km,
the radar reflectivity data are averaged over the elevation angles
from 6 to 20 , and for ranges beyond 100 km (maximum range:
400 km) the radar reflectivity data are recorded from the eleva-
tion angle of 1. The radar reflectivity is recorded only at three
levels (level 1: 8 dB, level 2: 8–32 dB, level 3: 32 dB). Al-
though these hand-plotted images cannot be used for estimating
rain rates, they do yield valuable information on the spatial and
temporal evolution of the squall line.

Figs. 4–6 show three of these hand-plotted images derived
from the S-band weather radar data which were acquired on
September 22, 1996 at 0200, 0300, and 0400 UTC, respec-
tively. The box inserted in the images marks the location of the
ERS-2 SAR scene depicted in Fig. 1 which covers an area of
100 km 100 km. These plots reveal that the areal extent of the
Sumatra Squall is approximately 300 km and that, within two
hours, its shape varies considerably. From the first plot (Fig. 4)
we see that the Sumatra Squall has its origin in the northern
part of Sumatra. By comparing the three plots we see that the
front of the squall line was moving southeastwards with a speed
of approximately 30 km/h, which is consistent with the speed
that we have estimated also from successive GMS images. An
interesting observation is that the region of high reflectivity and
thus of high precipitation (red region) just south of Singapore
visible in the weather radar images of 0300 UTC (Fig. 5) and
0400 UTC (Fig. 6) have hardly moved during one hour.

In Fig. 5, the position of the gust front visible on the ERS-2
SAR (Fig. 1) is marked by a red solid line. It can be seen that the
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Fig. 5. Same plot as in Fig. 3, but acquired at 0300 on the same day, i.e., 36
min before the acquisition of the SAR image depicted in Fig. 1. Comparison of
this plot with the one of Fig. 4 reveals that the squall line was propagating south
eastwards.

position of the gust front correlates quite well with the position
of the frontal boundary of the squall line on the weather radar
image. Note, however, that there is a time difference of 24 min
between the two data acquisitions and thus no exact collocation
can be expected.

Further evidence of the existence of the tropical squall line
is obtained from the second weather radar located in Singapore,
which is a C-band (5.6 GHz) Doppler radar (model DWSR-88C)
manufactured by Enterprise Electronics Corporation (Alabama,
USA). It operates also at horizontal polarization for transmis-
sion and reception, and its antenna has a beamwidth of 1. Al-
though this is a Doppler radar, only the radar reflectivity data
from a range up to 60 km are recorded digitally. From the reflec-
tivity data the reflectivity factor is derived which is then con-
verted into rain rate (see Appendix A). The reflectivity factor
is measured every 5 min. Six levels of reflectivity are avail-
able. The corresponding rain ratesare: level 1:
mm/h; level 2: mm/h; level 3: mm/h;
level 4: mm/h; level 5: mm/h; level 6:

mm/h. Fig. 7 shows an image that was acquired by
this C-band weather radar on September 22, 1996 at 0325 UTC,
i.e., 1 minute after the acquisition of the SAR image depicted
in Fig. 1. For better discrimination we have color-coded the six
levels of rain rates. The circle segment inserted in the weather
radar plot of Fig. 7 denotes its maximum range of 60 km. The
box-marked area in this plot is the same as in the box-marked
area in the SAR image (Fig. 1). For this area a detailed compar-
ison of the rain rates derived from SAR image and the weather
radar image will be carried out in Section VI.

Since this weather radar image was acquired quasisimulta-
neously with the ERS-2 SAR image, we may use it to compare

Fig. 6. Same plot as in Fig. 3, but acquired at 0400 UTC on the same day, i.e.,
96 minutes after the acquisition of the SAR image depicted in Fig. 1. Note that
the region of heavy rainfall south of Singapore (red blob in Figs. 5 and 6) has
hardly moved, whereas the front line has moved south eastwards with a speed
of approximately 30 km/h.

Fig. 7. Color-coded plot of radar reflectivity converted into rain rate derived
from data of the C-band weather radar located in Singapore, which was acquired
1 min after the acquisition of the SAR image depicted in Fig. 1. The circle line
denotes the maximum range of the radar. The imaged area contains the area of
the SAR image depicted in Fig. 1 (box marked by a dashed line). Inserted is
also the position of the gust front (red dashed line) visible on the SAR image
(Fig. 1).

quantitatively the position of the gust front visible on the ERS-2
SAR image (Fig. 1) with the frontal line of the squall line vis-
ible on the weather radar image (Fig. 7). By comparing both im-
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Fig. 8. Comparison of radar reflectivity as measured by the C-band weather radar with radar backscatter intensity extracted from the ERS-2 SAR image (right-hand
plot) for the area which is box-marked in Figs. 1 and 7. The regions of high attenuation of the backscattered radar intensity by the rain drops in the atmosphere are
well correlated with regions of high rain rate (R > 50 mm/h). The lines in the circled areas in the upper right-hand section of the plots denote the profile along
which a quantitative comparison of the rain rate derived from the weather radar data and the ERS-2 SAR image is carried out.

ages we see that the gust front visible on the ERS-2 SAR image
matches almost exactly with the front line of the squall line vis-
ible on the weather radar image. Furthermore, we note that the
precipitation areas lie behind the gust front which is the inter-
face between cold downdraft and warm ambient air. Further-
more, we see that the regions of high radar reflectivity in Fig. 7
corresponding to a high rain rate match well with the dark fea-
ture visible in the SAR image (Fig. 1). As the dark feature covers
both land and sea, we interpret this as an indication that the radar
backscatter is reduced by the attenuation of the rain column in
the atmosphere. It is unlikely that it is caused by rain impinging
on the sea surface or by wind effects, because the phenomenon
is present over both land and sea as can be seen by comparing
this SAR image with the one depicted in Fig. 2, which was ac-
quired over the same area on a clear day. It can clearly be seen
that much of the land area in Fig. 1 is obscured by the attenua-
tion of the microwaves by the rain in the atmosphere.

Now we want to compare in more detail the ERS-2 SAR
image of Fig. 1 with the S-band weather radar image depicted
in Fig. 7. For this purpose we have taken the overlapping area
marked by a box in Figs. 1 and 7 and have plotted in Fig. 8 the
two subimages for better comparison color-coded side-by-side.
We see that the regions of strong attenuation (strongly reduced
radar backscatter) in the SAR image (right-hand image) corre-
late well with regions of high radar reflectivity (high dBZ values
or high rain rates) in the weather radar image (left-hand image).
We note that the regions of very strong attenuation are displaced
in the radar look direction when compared with the weather
radar image (left-hand image). This displacement is also indica-
tive that the attenuated patterns originate from the rain column
in the atmosphere. In this encircled area of Fig. 8 the displace-
ment is measured to be 2 km.

Observing the rain band region (at the rear side of the gust
front) in Fig. 1, we find regions with an inhomogeneous or mot-

tled pattern. A possible explanation is that the squall line con-
sists of many cells which may be at different stages of their life
cycle (cumulus, mature, and dissipating stage), and thus are as-
sociated with different rainfall rates and wind gusts. These dif-
ferences result in different radar backscattering and thus give
rise to a mottled pattern in the SAR image. The exact mech-
anism, though, is a the combination of the effects from rain-
drops in the atmosphere (attenuation and volume scattering),
raindrops impinging on the ocean surface (causing either an in-
crease or decrease of the sea surface roughness), and roughening
of the sea surface by downdrafts as discussed in Appendix B.

Immediately at the forefront of the gust front visible on the
SAR image (Fig. 1) a dark region of reduced backscatter is
found (Fig. 1). This feature is interpreted as a convergence zone
in the windfield. At the rear side of the gust front, the downdraft
wind is blowing toward the gust front, while at the fore side
the ambient wind (from meteorological observation) is blowing
against the gust front from the south-east direction. We may
therefore conclude that there is a strong low level convergence
of air which results in an absence of horizontal wind compo-
nents. This interpretation is supported by the S-band weather
radar image of 0400 UTC (Fig. 6). On this weather image new
cells are visible in this convergence region. It is very likely that
the strong upward motion of the convergent air induced convec-
tion favors the development of new cells. Indeed, in the weather
radar image at 0500 UTC (not shown here), the cell structure is
even more prominent.

VI. ESTIMATION OF RAIN RATE

Now we want to extract quantitative rain rate information
from the SAR image. For this purpose we have chosen a region
where, according to the weather radar, the rain rate in some rain
cores is very high ( 125 mm/h). Such region is the encircled
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area in the plots of Fig. 8. Along a profile in this heavy rain
region (solid line in the encircled area) we have determined the
variation of the NRCS in the SAR image and the variation of the
reflectivity factor in the weather radar image. The variation of
the NRCS is depicted in Fig. 9. It can be seen that in the center
the NRCS decreases by more than 10 dB relative to the NRCS
in the surrounding area. Using the weather radar image as a ref-
erence of the position of the rain core, this range displacement
( ) can be used to calculate the effective thickness () of the rain
column since

(1)

where 23.5 is the incidence angle at this position in the ERS
SAR scene. The displacement is found to be 2.0 km and the ef-
fective thickness of the rain core is thus given as
(23.5 ) 4.5 km. The calculated effective thickness is then in-
corporated in the attenuation relationship for the rain rate esti-
mation, which is adopted from [22]. In this paper, the attenu-
ation relationship has been derived from data collected during
typical rain events by using rain gauge and C-band weather radar
from Darwin, Australia. The attenuation as a function of rain
rate is given as

(2)

where
attenuate NRCS in decibels;
rain rate in millimeters per hour;
effective thickness of the rain column in km.

The effective thickness is multiplied by two as the attenua-
tion is two-ways. The attenuationis calculated with reference
to the NRCS of the neighboring no rain region. Using (2) we
have inverted the NRCS values along the profile of Fig. 8 into
rain rate. This rain rate, together with the one obtained from the
weather radar along the same profile is plotted in Fig. 10. (Note
that the reflectivity data were from the C-band weather radar
binned in six discrete values.) It can be seen from this plot hat
the two data sets are agreeable. Toward the two ends of the pro-
file (corresponding to very low rain rate in weather radar), the
attenuation-estimated rainfall rate is not valid since the attenu-
ation effects is very small under such light rain condition.

VII. ESTIMATION OF WIND SPEED

A conceptual meteorological model of a squall line is illus-
trated in Fig. 11 (adopted from [23]). At the rear of the gust front,
air sloping downwards toward the gust front is observed. This
information together with routine weather charts aid us in deter-
mining the wind direction. At the rear side of the gust front, the
sea surface wind is blowing normal. After the determination of
wind direction, the SAR image intensity is converted into NRCS
and is averaged over 2 km for noise reduction. The effect of in-
cidence angle across the range is also accounted for so that the
wind speed will neither be overestimated at the near range nor
underestimated at the far range [24]. The wind speed is then
estimated using the inverse CMOD4 scatterometry model [20],

Fig. 9. Variation of the NRCS along the profile (line) inserted into the circle
of the right-hand plot of Fig. 8.

Fig. 10. Comparison between rain rate estimated by the radar reflectivity of
the C-band weather radar and by the attenuation of the NRCS in the SAR image
along the profile marked in Fig. 8. The discrete distribution of the rain rate
derived from the weather radar data results from the fact that the whole range
of rain rate is binned into six levels for data storage purpose.

[21]. The wind speed variation along the profile marked by a
dotted line (from left to right) derived by this method is plotted
in Fig. 12.

In general, wind-modulated NRCS exhibits uniform and
gradual changes and the corresponding wind speed increases
from around 3 to 6 m/s (Fig. 12). However, in the rain region
(e.g., the mottled regions in Fig. 1), the scattering and atten-
uation effects of rain column from the atmosphere together
with the effect of rain impinging on the ocean surface (see
Appendix B) adds variability to the NRCS signature and thus
to the wind speed. Such variability shows possible errors in
wind speed estimation as part of the NRCS is caused by rain
and not wind. Passing the gust front, the wind speed exhibits
a sharp decrease. This region of sharp decrease is interpreted
as a convergence zone in Section V where strong low level
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Fig. 11. Conceptual model of a squall line in a vertical cross section [adopted from Houzeet al. (1989)].

Fig. 12. Wind speed estimation using the CMOD 4 model along the profile
marked by a dotted line in Fig. 1.

convergence of air results in the absence of a horizontal wind
component.

VIII. C ONCLUSIONS

In this paper, an ERS SAR image of a tropical squall line
over coastal waters south of Singapore containing rain cores
with very high rain rates (100 mm/h) has been investigated. By
comparing this ERS SAR image with weather radar images we
conclude that the patterns visible on the SAR image indeed re-
sult from the squall line. The squall line was propagating south-
eastwards and the associated gust front and rain band is clearly
seen in both weather radar and SAR images. In heavy rain areas
(rain cores) with rain rates above 125 mm/h the attenuation of
the 5.3 GHz (C-band) microwaves by the rain drops in the at-
mosphere is the dominant mechanism causing the radar signa-
ture of rain cells over ocean (and land) areas.

A region of reduced backscatter is observed immediately at
the front edge of the gust front. This region is interpreted as
a low level convergent area because such convergence induces
convective activity which favors the generation of new cells.
New cells are observed in the weather radar image approxi-
mately 30 minutes later which supports the above interpreta-

tion. Mottled image patterns associated with rain bands at the
rear side of the gust front are observed. It is likely to be caused
by the coexistence of old and new raincells where each cell has
a different contribution to the backscatter signature. The SAR
backscatter signature is further used to estimate the rain rate and
wind speed associated with the squall line. It is found that the
estimated rain rate in a region of heavy rainfall is consistent with
the one obtained from the weather radar data. This suggests the
possibility of deriving rain rates of tropical rain cells with high
rain rates ( 50 mm/h) from the SAR imagery. Possible errors
in wind speed estimation due to rain effects are suggested. Fu-
ture work involves further validation with ground truth data and
error estimations.

APPENDIX A
CONVERSION OFRADAR REFLECTIVITY FACTOR

INTO RAIN RATE

Weather radars measure the radar reflectivity caused by rain-
drops in the atmosphere. From the weather radar data a radar re-
flectivity factor is derived which depends on the raindrops size
distribution [25], [26]. The reflectivity factor is then converted
into rain rate (unit: mm/hour) by a relationship called– re-
lationship, which is written in the form

where
radar reflectivity factor;
rain rate;

and constants.
Unfortunately, there exists no universal– relationship be-
cause it depends strongly on the type of rain. This is the reason
why different authors have used different– relationships for
converting values into rain rates. The most widely used–
relationship is the Marshal–Palmer relationship with
and . Depending on the – relationships used, the rain
rate estimates may differ by more than 50% [Melsheimer, 1999,
private communication].
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APPENDIX B
PHYSICAL PROCESSESCAUSING RADAR SIGNATURES OFRAIN

CELLS OVER OCEAN AREAS

Five different physical processes contribute to the radar sig-
natures of rain cells visible on SAR images acquired over ocean
areas [12], [27]–[36]: 1) attenuation and 2) scattering of the mi-
crowaves by the rain drops in the atmosphere, 3) increase of the
sea surface roughness due to the generation of ring waves of
the impinging rain drops, 4) decrease of the sea surface rough-
ness due to the generation of turbulence in the upper water
layer which dampens the water waves, and 5) roughening of
the sea surface by wind gusts associated with rain cells. The
scattering and attenuation of microwaves by rain drops (or more
precisely: of hydrometeors) in the atmosphere has been exten-
sively studied by radar meteorologists [25], [26]. For C-band
radars operating at incidence angles between 20 and 80, the
radar backscattering at rain drops in the atmosphere is usually
small compared to the radar backscattering at the sea surface.
However, when the rain rate is above 50 mm/h the attenuation
of C-band microwaves by rain drops in the atmosphere cannot
be neglected [11] and can become the dominant effect when the
rain rate is above 100 mm/h. This is the case in part of the rain
area investigated in this paper.

In addition to the modification of the sea surface roughness
by the impact of raindrops on the water surface, the sea sur-
face roughness is also affected by the airflow associated with
the rain event. Precipitation from a rain cell usually produces
a downward airflow (downdraft) by entrainment and evapora-
tive cooling under the cloud [2]. When the downdraft reaches
the sea surface, it spreads radially outward as a strong local sur-
face wind which increases the sea surface roughness. The outer
edge of this airflow is called gust front. If the ambient wind field
is weak and does not disturb this airflow pattern, the radially
spreading downdraft is visible on SAR images of the sea sur-
face as a nearly circular bright pattern with a sharp edge [4], [5].
However, when a strong ambient wind field is present, then the
radially symmetric airflow pattern is distorted and the resulting
radar signature is likewise distorted.
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