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Abstract. Current and wind variations at the ocean surface can give rise to 
a modulation of the sea surface roughness and thus become visible in radar 
images. The discrimination between radar signatures of oceanic and atmospheric 
phenomena can be quite difficult, since signatures of different origin can have very 
similar shapes and magnitudes and are often superimposed upon each other. In this 
work we employ a numerical radar imaging model for an investigation of typical 
properties of radar signatures of atmospheric convective cells and of theoretical 
differences between such atmospherically induced radar signatures and those of 
oceanic phenomena. We show that main characteristics of observed multifre- 
quency/multipolarization radar signatures of atmospheric convective cells over the 
Gulf Stream are reproduced quite well by the proposed model. This encourages 
us to vary wind and radar parameters systematically in order to get a general 
overview of the dependency of atmospherically induced radar signatures on these 
parameters. Finally, we compare typical characteristics of radar signatures of 
atmospheric and oceanic phenomena, and we present simulated radar images of a 
scenario of superimposed atmospheric convective cells and oceanic internal waves. 
We show that the proposed model supports the experimental finding that radar 
signatures of oceanic phenomena are stronger at horizontal (HH) than at vertical 
(VV) polarization, while atmospherically induced radar signatures are better visible 
at VV polarization. 

1. Introduction 

It is well known that mesoscale atmospheric phenom- 
ena over the ocean can modulate the sea surface rough- 
ness and thus become visible on radar images, as dis- 
cussed, for example, for atmospheric convection rolls by 
Fu and Holt [1982], Thompson et al. [1983], and Alpers 
and Briimmer [1994], for atmospheric gravity waves by 
Thomson et al. [1992] and Alpers and Stilke [1996], 
and for atmospheric convective cells by Mitnik [1992], 
Mityagina et al. [1996], and Lavrova et al. [1998]. The 
theoretical understanding of the radar imaging mecha- 
nism of such phenomena can be of vital importance for 
marine meteorologists and oceanographers who study 
the phenomena themselves or would like to separate at- 
mospherically induced radar signatures from those re- 
sulting from oceanic phenomena. Until now, most of the 
above mentioned papers have concentrated on analyses 
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of a few particular radar images on the basis of em- 
pirical models that relate backscattered radar intensi- 
ties to wind vectors. Although their results show that 
the radar imaging mechanism of mesoscale atmospheric 
phenomena over the ocean is basically understood, gen- 
eral conclusions regarding the dependency of the radar 
signatures on characteristic parameters of the atmos- 
pheric phenomena as well as on radar parameters like 
the frequency, polarization, or incidence angle could not 
be drawn. 

The main purpose of this work is a more compre- 
hensive investigation of the theoretical radar signatures 
of mesoscale atmospheric phenomena on the basis of a 
composite surface radar backscattering model in com- 
bination with a model that describes the modulation 

of the ocean surface wave spectrum by spatially vary- 
ing wind and current fields at the sea surface. The 
study concentrates on radar signatures of atmospheric 
convective cells, which are well visible in multifrequen- 
cy/multipolarization radar images of the Gulf Stream 
from the Spaceborne Imaging Radar-C/X-Band Syn- 
thetic Aperture Radar (SIR-C/X-SAR) mission. As an 
example, a synthetic aperture radar (SAR) image that 
was acquired at L band (1.25 GHz), cross polarization, 
is shown in Figure 1. The mottled, cloud-like patterns 
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In section 2 we present the parameterization of the 
wind field of atmospheric convective cells used in this 
investigation as well as the basic elements of the pro- 
posed radar imaging model. In section 3 we show that 
basic characteristics of the observed radar signatures 
of atmospheric convective cells in the SIR-C/X-SAR 
data set, including their dependence on radar frequency 
and polarization, are reproduced by the proposed model 
suite. This encourages us to discuss the dependence of 
simulated radar signatures on parameters of the wind 
field and on the frequency, polarization, and incidence 
angle of the radar in a more general way in section 4. 
Finally, in section 5 we focus on differences between 
the variations of radar signatures of atmospheric and 
oceanic origin with polarization. We show that the ex- 
perimental finding that radar signatures of oceanic phe- 
nomena are stronger at horizontal (HH) than at vertical 
(VV) polarization, while atmospherically induced radar 
signatures appear to be better visible at VV polariza- 
tion, is basically consistent with predictions of the pro- 
posed model. A summary of our results and conclusions 
are presented in section 6. 

2. Theory 
2.1. Wind Field 

Atmospheric convective cells over the ocean can be 
formed where a negative air-sea temperature difference 
gives rise to unstable stratification of the marine at- 
mospheric boundary layer (MABL) and thus to a pro- 
nounced energy exchange in vertical direction. As dis- 
cussed by Mitnik [1992], typical convective cells are 
characterized by a cylindrical flow pattern which is su- 
perimposed upon the ambient wind field. The direc- 
tion of the cellular air flow directly above the sea sur- 
face is either radially outward from the center of the 
cells ("open cells") or from the rim toward the center 
("closed cells"). Adopting an expression from Mitnik 
[1992], we parameterize the surface wind field associ- 
ated with an open cell by 

• W2•X wøpen(r) __ •oo 
"• n-• W•X R-to 

O_<r<ro 

ro _• r •_R 
(1) 

Figure 1. SIR-C/X-SAR synthetic aperture radar im- 
age of the Gulf Stream edge (L band, HV polarization) 
off the U.S. east coast, acquired on April 17, 1994, at 
1622 UTC, showing signatures of sea surface manifesta- 
tions of atmospheric convective cells. Size of the imaged 
area is 20 km x 100 km; incidence angle at image center 
is 31 ø . 

toward the center of the image indicate our study area, 
whereas the bright line north of them marks the posi- 
tion of the Gulf Stream front whose radar signature is 
discussed by Ufermann and Romeiser [this issue]. 

where W• )pen represents the local radial wind speed as 
function of the distance from the cell center r, R is 
the radius of the cell, r0 is 5/6R , and W• ax denotes 
the maximum value of cellular wind speed. For the 
surface wind field of a closed cell we use the functional 

dependence on r used by Trump et al. [1982]: 

wcløsed (T) -- -- W• nax sin • 0 < r < R (2) 
Examples of surface wind fields of open and closed con- 
vective cells produced this way are shown in Figure 2, 
where Figures 2a and 2c show the wind fields above 
the sea surface (at the bottom of the cells) as seen 
from above. Wind vectors are plotted at every fifth 
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Figure 2. Simulated wind fields of open (Figures 2a and 2b) and closed (Figures 2c and 2d) 
atmospheric convective cells for a 51x51 data points grid. (a) and (c) Wind fields at the bottom 
of a convective cell, directly above the sea surface as seen from above; (b) and (d) Magnitude of 
the wind speed along cuts through the centers of Figures 2a and 2c, respectively. 

line/column of a grid of 51x51 points which is the stan- 
dard model grid for the investigations in sections 3 and 
4. Furthermore, Figures 2b and 2d show the magnitude 
of the wind speed along cuts through the centers of both 
cells. 

2.2. Spatially Varying Surface Wave Spectrum 

In contrast to previous studies on this subject which 
were based on empirical models for the relationship be- 
tween wind speed and normalized radar backscattering 
cross section (NRCS), a more "physical" radar imaging 
model will be employed in this investigation, which ac- 
counts explicitly for the spatial variations of the ocean 
wave spectrum in the presence of wind variations asso- 
ciated with atmospheric convective cells and for the cor- 
responding variations of the backscattered radar signal. 
This approach allows a physically consistent prediction 
of radar signatures at various radar frequencies, polar- 
izations, and incidence angles, while investigations on 
the basis of empirical relations between wind vector and 
NRCS are normally limited to small parameter ranges 
for which these relations are valid. Possible failure of 

the model to reproduce characteristic properties of ob- 
served radar signatures will reveal shortcomings in its 
physical formulation. 

The part of the imaging model which is used for 
the computation of modulated surface wave spectra 

has been described in detail by Romeiser and Alpers 
[1997]. The model is based on weak hydrodynamic 
interaction theory in the relaxation time approxima- 
tion. That is, ray paths of wave components in a five- 
dimensional wavenumber-space-time domain are traced 
back in time, and then an action balance equation is in- 
tegrated in the forward direction to obtain modulated 
action spectral densities. This is done for typically 100 
wavenumbers and 24 wave directions, yielding a full 
two-dimensional modulated wave spectrum at each grid 
point for the radar calculations. Our numerical model 
was originally implemented for applications involving 
spatially varying current fields, but it also can be ap- 
plied to spatially varying winds. In this case the equilib- 
rium spectrum and the relaxation rate that determine 
the source function of the action balance equation vary 
along the integration path because they are functions 
of wind speed and direction. This is a simplification 
compared to dedicated wave prediction models, which 
treat the physics of the generation and decay of (long) 
ocean waves more explicitly, but it appears reasonable 
as long as we are mainly interested in intensity varia- 
tions of relatively short waves on scales that are much 
longer than their wavelengths. Advantages of the pro- 
posed numerical model are that it is efficient in terms 
of computation time, that it allows a consistent simula- 
tion of individual effects of wind and current variations, 
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and that it can be applied to scenarios of combined spa- 
tially varying wind and current fields, like the scenario 
discussed in section 5. 

Parameterizations of the two-dimensional equilibrium 
wave spectrum and relaxation rate used in the pro- 
posed model are given by Romeiser et al. [1997] and 
by Romeiser and Alpers [1997], respectively. 

2.3. Radar Backscatter 

The radar backscattering model used for this study 
is a composite surface model based on a Taylor expan- 
sion of the NRCS as given by Bragg scattering the- 
ory [Wright, 1968; Valenzuela, 1978]. Contributions 
of the whole two-dimensional ocean wave spectrum to 
the radar backscatter are taken into account. A detailed 

description of the model was given by Romeiser et al. 
[1997], who showed that it reproduced basic dependen- 
cies of mean measured NRCS values for wide ranges 
of radar parameters (frequency, polarization, incidence 
angle) and wind speeds and directions quite well. As- 
suming that realistic intensity variations of short- and 
intermediate-scale ocean waves are obtained from the 

wave model described above, one can expect that the 
scattering model will convert these intensity variations 
into realistic NRCS variations. 

3. Model Validation 

3.1. Reference Data Set 

Within the framework of the first SIR-C/X-SAR mis- 
sion a set of radar images of the northwestern edge of 
the Gulf Stream off the U.S. east coast was acquired 
on April 17, 1994, 1622 UTC. Two SAR sensors (SIR- 
C, operating at L and C band, and X-SAR, operating 

at X band) were mounted aboard the U.S. space shut- 
tle Endeavour during this 10-day campaign to acquire 
two-dimensional high-resolution multifrequency/multi- 
polarization radar images of the Earth's surface under 
various incidence angles. The radar images of the Gulf 
Stream edge which are used for our study were acquired 
at the frequencies 1.25 GHz (L band) and 5.30 GHz 
(C band) in VV, HH, and HV ("cross") polarization 
and at 9.60 GHz (X band) in VV polarization. Thus 
a set of seven individual images of the same scene is 
available for analysis, which is shown in Figure 3. 

On the day of the shuttle overflight, in situ measure- 
ments in the region of the Gulf Stream edge were per- 
formed by the Naval Research Laboratory (NRL) from 
a research vessel equipped with a serial ASCII instru- 
mentation loop (SAIL) data acquisition system. Using 
this instrumentation, sea surface salinity and temper- 
ature, wind speed and direction, and air pressure and 
temperature were sampled at a rate of one data record 
per minute. The data used in the following were ac- 
quired -•2 hours before the shuttle overflight as a scan 
perpendicular to the Gulf Stream front, crossing the 
front from northwest to southeast. 

As shown in Table 1, the same mean wind vector was 
encountered both inside and outside the Gulf Stream re- 

gion, whereas the difference between measured air and 
sea surface temperatures changes significantly across 
the front. The data indicate a stable thermal strati- 

fication of the MABL outside the Gulf Stream, whereas 
the warm waters of the Gulf Stream cause an unstable 
thermal stratification in the MABL. This is consistent 
with Figure 4, which depicts that the measured wind 
speed over the Gulf Stream exhibits strong fluctuations, 
indicating turbulence and, very likely, the existence of 
atmospheric convective cells. 

Figure 3. Full set of SIR-C/X-SAR images of the same scene at the Gulf Stream edge acquired 
on April 17, 1994, at 1622 UTC (see Figure 1). Size of imaged area is 20 km x 100 km for L and 
C band and 40 km x 100 km for X band. _ 
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Table 1. Temperature and Wind Data Inside and Outside of 
the Gulf Stream From In Situ Measurements 

Inside Gulf Stream Outside Gulf Stream 

SST 23øC 10øC 

Air temperature 16 ø C 15 ø C 
Mean wind speed 3.5 m s- 1 3.5 m s- 1 
Wind direction 130 ø (SE) 130 ø (SE) 

The region of pronounced wind speed fluctuations 
corresponds to the region in the radar image of Figure 1, 
which is characterized by a mottled pattern of high and 
low NRCS values. This test area for our investigations 
is shown in detail in Figure 5. The radar signatures ex- 
hibit a regular pattern of roughly circular-shaped fea- 
tures. Alternating regions of high and low backscatter 
indicate corresponding variations of the surface rough- 
ness and thus the wind speed, which is consistent with 
the in situ data as well as with the theory of atmos- 
pheric convective cells. This justifies the assumption 
that the mottled radar signatures result from sea sur- 
face manifestations of atmospheric convective cells. In 
addition, we conclude from the facts that the measured 
ambient wind is directed approximately from the lower 
right of Figure 5 toward the upper left and that bright 
lower right and dark upper left corners of the cellular 
radar signatures indicate maximum and minimum to- 
tal wind speeds at these locations, that the circulation 
pattern of the atmospheric convective cells must be of 
"closed" type. 

3.2. Model Results for the Test Scenario 

For direct comparison between SIR-C/X-SAR data 
and model results, one of the pronounced cell features 
in the upper part of Figure 5 was selected. Figure 6 
(left) shows measured radar signatures of this feature 
at all available frequencies and polarizations. For best 
visualization of their characteristics and differences the 

signatures are represented by NRCS isolines in steps of 

1 

0 • 2 3 4 5 6 7 

Distance [kin] 

Figure 4. Wind speed according to in situ meas- 
urements over the Gulf Stream, showing fluctuations 
caused by atmospheric convective cells (Gulf Stream 
front approximately at 0 km). 

-1 dB, starting from the maximum NRCS value of each 
individual image. 

Figure 6 (right) shows the model results for parame- 
ter settings with an ambient wind speed of 3.5 m s -1 , a 
maximum cellular wind speed W• ax of 1.5 m s -1, a cell 
radius R of 1000 m, and an incidence angle of 31 ø. The 
ambient wind direction is set to come from 110 ø with 

respect to north (110øN), which is slightly off the re- 
ported in situ measured mean value of 130øN but leads 
to best agreement between simulated and observed sig- 
natures. In Figure 6 the wind direction of 110øN cor- 
responds to an angle of 150 ø clockwise from the top of 
the images, since all images are aligned with the flight 
direction toward 140 øN. 

Although the simulated radar signatures look, as 
one might expect, somewhat idealized compared to the 
more irregularly shaped measured ones, the observed 
and simulated radar signatures show clear qualitative 
similarities. This is not ,true for C band, HV polar- 
ization, but the C-HV image looks generally blurred 

Figure 5. Detail of the SIR-C/X-SAR image (L-HV) 
shown in Figure 3. Size of the imaged area is 12.5 km 
x 12.5 km. 
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Figure 6. (left) Observed and (right) simulated radar signatures of one of the convective cells 
of Figure 5. NRCS isolines are plotted in steps of -1 dB starting from the maximum value of 
each individual image. Diagonal lines mark the position of an intensity scan (see Figure 7). 

and has clearly less contrast than the images from all 
other channels (see Figure 3). We believe that this re- 
sults from a technical problem rather than from an ac- 
tual effect in the radar imaging mechanism. At the 
other six channels a diagonal orientation of the con- 
vective cell signatures, an increase of the modulation 
depth with radar frequency, very similar signatures at 
VV and HH polarization, and a larger modulation at 
L band HV, compared to VV and HH, are consistently 
found in data and model results. 

For an analysis from another perspective, plots of im- 
age intensity scans along the diagonal line through each 
radar signature of Figure 6 were produced. These plots, 
examples of which are shown in Figure 7, show that the 
shapes of observed NRCS variations in radial direction 
as well as absolute modulation depths are reproduced 
quite well by the model at the two higher radar frequen- 
cies (C and X band). Also a trend of the measured radar 
signatures to become stronger with increasing radar fre- 
quency and a tendency of their dark regions to become 
wider at the same time are basically consistent with 
model predictions. 

Only the frequency dependence of the modulation 
depth is found to be overestimated by the model, which 
results in an underestimation of the measured L band 

signatures. Predicted and measured modulation depths 
at L band VV are -•2 dB and -•3 dB, respectively; 
that is, the model predicts a ratio of •-1.6 between the 
brightest and the darkest area, while the data suggest 
a ratio of •-2.0. There are several possibilities to cor- 
rect a discrepancy like this by tuning the wind field, 
the wind dependence of the wave spectrum, the relax- 
ation. rate, or the form of the source function of the 

action balance equation in our wave model. However, 
in view of the facts that the model results are not too 

bad without tuning and that reference wave data from 
the test site are not available, we refrain from a dedi- 
cated tuning procedure in the context of this work. In 
addition, some discrepancy between observed and sim- 
ulated L band signatures may result from the effect of 
wind-induced surface current variations underneath the 

atmospheric convective cells, which is completely omit- 
ted in our present model: Surface current gradients can 
give rise to a hydrodynamic modulation of surface waves 
in addition to the aerodynamic modulation by the wind 
field itself. As shown by Romeiser and Alpers [1997] 
and by Ufermann and Romeiser [this issue], the hy- 
drodynamic modulation of Bragg waves is usually more 
pronounced at L band than at C and X band. 

Another discrepancy between measurements and mod- 
el results that may require a brief discussion is a general 
overestimation of absolute NRCS values in all bands 

and polarizations by our model. This is an instrument- 
specific phenomenon, which is already known from other 
studies. It can be explained by differences in the cali- 
bration of radar data from different sources and compa- 
rable uncertainties in the parameterization of the ocean 
wave spectrum. As shown by Romeiser et al. [1997], 
measured absolute NRCS values can, in principle, be 
reproduced by the proposed model after some opti- 
mization of the wave spectrum within limits determined 
by existing parameterizations from the literature. The 
model results presented in this work have been obtained 
with a "default" wave spectrum obtained in the above 
mentioned study on the basis of airborne scatterome- 
ter data. Using this wave spectrum, NRCS values from 
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Figure ?. Intensity scans through the observed (Figures 7a, 7c, and 7e) and simulated (Figures 
7b, 7d, and 7f) radar signatures of atmospheric convective cells along the diagonal lines shown 
in Figure 6; (a) and (b) L-VV; (c) and (d) C-VV; and (e) and (f) X-VV. 

spaceborne systems like ERS l, ERS 2, and SIR-C/X- 
SAR are consistently found to be overestimated, which 
suggests that the wave spectrum should be recalibrated. 
However, absolute NRCS values are only a side issue of 
the discussion in this work, and small modifications of 
the wave spectrum would have only minor effects on rel- 
ative NRCS variations. Our findings regarding shapes 
and modulation depths of simulated radar signatures 
and their general dependencies on several parameters 
are thus quite robust, and the encountered differences 
of the order of 3 dB between measured and simulated 
absolute NRCS values do not indicate a fundamental 

problem of our theory. 

4. Sensitivity Analysis 

4.1. Motivation 

Having demonstrated that the proposed radar imag- 
ing model is capable of explaining main characteristics 

of some particular observed radar signatures of atmos- 
pheric convective cells, we can employ the model for a 
systematic study on the variations of such radar signa- 
tures with the involved key parameters. Main goals of 
this study are to identify parameter combinations for 
which particularly strong or weak radar signatures of 
wind variations over the ocean can be expected, to get 
an impression of the variability of such signatures with 
various parameters, and to determine what conclusion 
regarding the physical properties of a given wind feature 
can be drawn from its radar signatures. 

We have simulated radar signatures of open and closed 
atmospheric convective cells for several ambient wind 
speeds (0.0, 1.5, 3.5, 10.0 ms-•), wind directions (0 ø- 
360 ø in steps of 45ø), radar frequencies (1.25, 5.30, 
9.60 GHz), polarizations (VV, HH, HV), and incidence 
angles (30 ø and 40ø). In total, 720 different radar sig- 
natures were simulated, which are shown completely by 
Ufermann [1998]. Results of the analysis of those sig- 
natures are summarized in section 4.2. 
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4.2. Results 

The model results reveal that the interpretation of 
radar signatures of atmospheric convective cells can be 
quite difficult due to a number of ambiguities. For ex- 
ample, an increase of the NRCS can be caused by an 
increase in wind speed, by a variation of the angle be- 
tween ambient wind and radar look direction, or by 
a decrease of the radar incidence angle. Fortunately, 
radar properties such as the incidence angle are usually 
well defined, which reduces the possible ambiguities in 
practical applications. 

The main characteristics of the simulated radar sig- 
natures can be summarized as follows: 

1. NRCS isolines of open cells are crescent-shaped 
with their maximum values at a distance of •5/6/• from 
the cell center (see Figure 8a), whereas those of closed 
cells are kidney-shaped with their maximum values at a 
distance of •1/2/i• from the cell center (see Figure 8b). 

2. The modulation depth decreases with increas- 
ing ambient wind speed (e.g., for L band VV polar- 
ization, at an incidence angle of 30 ø and an angle of 
135 ø between wind and look direction: 8.5 dB modula- 

tion depth at an ambient wind speed Wa =1.5 ms -1 to 
2.1 dB at Wa =3.5 ms -• to 0.4 dB at W• =10.0 ms -•), 
while the NRCS isolines change their shape from "cir- 
cular" via "crescent" to "semicircular/oval". 

3. The angle between ambient wind and radar look 
direction strongly influences the shape of the NRCS iso- 
lines; particularly at high wind speeds and radar fre- 
quencies it influences the absolute NRCS values (up to 
5 dB difference), and (particularly at low wind speeds) 
it influences the orientation of the radar signatures. 

4. Modulation depth increases with radar frequency 
(see Figure 9). 

5. There are hardly any differences between signa- 
tures at VV and HH polarization (see Figures 10a and 
10b); HV polarization signatures show a larger modu- 

-19.67dB>N RCS>-25.17dB 

(a) open 

-19.60dB>NRCS>-25.05dB 

(b) closed 

Figure 8. Simulated radar signatures at L band VV 
polarization of (a) an open atmospheric convective cell 
and (b) a closed atmospheric convective cell. Look di- 
rection is from the bottom/right; incidence angle is 40ø; 
ambient wind speed Wa = 3.5 rn s -1 from the top/right; 
maximum cellular wind speed WJ nax = 1.5 ms-l; size 
of each simulated area is 2 km x 2 km. Numbers at bot- 
tom indicate maximum and minimum absolute NRCS. 

-9.67dB>_NRCS>- 11.35dB 

(a) L-VV 
-8.75dB>_NRCS>_- 13.31 dB 

(b) C-VV 
-10.03d B>N RCS>_-I 6.31 dB 

x-vv 

Figure 9. Simulated radar signatures of open atmos- 
pheric convective cells for different radar frequencies 
((a) L band, (b) C band, and (c) X band) at vertical 
polarization. Look direction is from the bottom/left; 
incidence angle is 30ø; other parameters are as in Fig- 
ure 8. 

lation depth and differently shaped NRCS isolines, but 
they are associated with very low absolute NRCS values 
(see Figure 10c). 

6. The incidence angle determines most strongly the 
mean absolute NRCS values at HH polarization (up to 
8 dB difference between maximum and minimum NRCS 

obtained in our calculations); absolute NRCS values are 
larger at smaller incidence angles. A strong variation 
of the modulation depth with varying incidence angles 
is not found. 

We conclude from these findings that a radar operat- 
ing at a high frequency should be best suited for the 
detection of atmospheric convective cells. A moder- 
ate incidence angle as well as vertical (VV) or horizon- 
tal (HH) polarization should be used in order to avoid 
problems arising from low backscattered power at large 
incidence angles or at cross polarization. Owing to rea- 
sons explained in section 5, VV polarization appears to 
be actually most favorable for meteorological investiga- 
tions. We would like to point out in this context that 
our results are basically consistent with findings of Mit- 
nik [1992], but our employment of a "physical" radar 
imaging model allows us to consider extended parame- 
ter ranges (e.g., three radar frequencies instead of one) 
and the derivation of more general conclusions. 

-8.68dB>NRCS>_-13.35dB 

c-vv 

-11.55dB>NRCS>-1 6.39dB 

(b) C-HH 

-33.01 dB_>NRCS_>-39.96dB 

(c) C-HV 

Figure 10. Simulated radar signatures of closed at- 
mospheric convective cells for different radar polariza- 
tions ((a) VV, (b) HH, and (c) HV) at C band. Other 
parameters are as in Figure 9. 
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5. On the Differences Between Radar 

Signatures of Atmospheric 
and Oceanic Origin 
5.1. Motivation 

In the previous sections, we have discussed how radar 
signatures of atmospheric convective cells over the ocean 
can be explained by a theoretical model and how such 
signatures depend on a variety of environmental param- 
eters and radar parameters. We have also discussed 
what radar parameters should ideally be chosen to de- 
tect atmospheric convective cells by radar. However, 
in typical practical applications, not only radar signa- 
tures of atmospheric origin but also signatures resulting 
from spatial variations in the surface current field may 
be present in radar imagery. Oceanographers and ma- 
rine meteorologists who work with such data need to 
separate signatures of atmospheric and oceanic origin, 
which can be difficult in some cases. For example, inter- 
nal waves in the atmosphere can give rise to radar sig- 
natures that are very similar to those of internal waves 
in the ocean [Alpers, 1995; Alpers and $tilke, 1996]. 
It would be convenient if multipolarization or multifre- 
quency radar images could be exploited to discriminate 
between features of different nature whose radar signa- 
tures look similar on a single image. 

Existing multipolarization radar imagery from sev- 
eral experimental campaigns suggests that the backscat- 
tered signal is more sensitive to wind variations at VV 
than at HH polarization, while oceanic features like in- 
ternal waves or the bathymetry in coastal waters are 
often better visible at HH. An impressive example of a 
pair of images which exhibit such behavior is shown in 

Figure 11: While strong signatures of oceanic internal 
waves can be seen in the HH image, the corresponding 
VV image is clearly dominated by signatures of super- 
imposed atmospheric convective cells. These and simi- 
lar other images were obtained from a Russian airborne 
real aperture radar during the Joint U.S./Russia Inter- 
nal Wave Remote Sensing Experiment (JUSREX-92) 
in the New York Bight [Etkin et al., 1994; Gasparovic 
and Etkin, 1994; Mityagina et al., 1996; Lavrova et al., 
1998]. The radar frequency is 13.3 GHz (Ku band), and 
the incidence angle is -•80 ø at the image center. 

The observation that radar signatures of atmospheric 
phenomena are better visible at VV than at HH polar- 
ization appears to contradict our findings from section 
4. We will show in the following that this is not nec- 
essarily true, and we will discuss mechanisms that can 
cause pronounced differences between radar signatures 
of oceanic and atmospheric phenomena at different po- 
larizations within the framework of the proposed model. 
Although these mechanisms may be different from the 
ones that are actually responsible for the JUSREX-92 
observations (and not yet understood), our results sup- 
port the conclusion that radar signatures of oceanic and 
of atmospheric phenomena are more pronounced at HH 
and at VV polarization, respectively. 

5.2. Model Predictions 

As briefly indicated in section 2, the radar imaging 
model used in this work is based on an expression for the 
NRCS of the ocean surface which consists of a zeroth- 

order term given by resonant Bragg scattering theory 
[Wright, 1968; Valenzuela, 1978] and a number of terms 
of second order in the surface slope. The second-order 

Figure 11. Pair of real aperture radar images obtained simultaneously at VV and HH polar- 
ization during JUSREX-92, showing signatures of an internal wave feature and superimposed 
atmospheric convective cells. Approximate size of imaged areas is 8 km x 8 km; radar frequency 
is 13.3 GHz; incidence angle at image center is 80ø; and look direction is from bottom to top of 
figure (downwind). 
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Figure 12. Idealized surface current field over a typical 
oceanic internal wave encountered during JUSREX-92. 

terms account for the impact of waves that are long 
compared to the short Bragg waves which are in reso- 
nance with the radar signal. As shown by Romeiser and 
Alpers [1997], their relative contribution to the NRCS is 
larger at HH than at VV polarization. The second-order 
terms are proportional to the mean square surface slope. 
In addition, second- and zeroth-order terms are propor- 
tional to the wave height spectral density of the Bragg 
waves. The latter explains why wind variations within 
relatively short spatial scales, which modulate mainly 
short surface waves, give rise to similar radar signa- 
tures at VV and HH polarization, as shown in sections 
3 and 4. In contrast, the hydrodynamic modulation as- 
sociated with oceanic phenomena affects mainly longer 
waves of wavelengths between decimeters and meters, 
whose intensity variations affect only the second-order 
terms of the NRCS, so that polarization-dependent sig- 
natures are obtained. Accordingly, our imaging model 
predicts more pronounced differences between radar sig- 
natures of oceanic phenomena at VV and HH polariza- 
tion than between those of atmospheric phenomena. 

According to available data [Gasparovic and Etkin, 
1994; Y. Trokhimovski, personal communication, 1997], 
typical surface currents over internal solirons like the 
ones of Figure 11 can be approximated by a Gaussian 
function with a peak current of up to 0.6 ms -• and a 
width of about 200 m, as plotted in Figure 12. The 
phase speed of the internal wave is -•0.7 m s -• toward 
positive x direction in this plot. Calculating hydrody- 
namically modulated surface wave spectra across this 
current field and the corresponding NRCS as function 
of x, one obtains radar signatures with a positive modu- 
lation at the forward face of the internal wave (positive 
x values in Figure 12) and a negative modulation be- 
hind its crest (negative x values). A modulation depth 
can be defined which relates the maximum NRCS value 

of a simulated signature to the minimum value. Figure 
13 shows such modulation depths as function of the di- 
rection of propagation of the internal wave with respect 
to the radar look direction and for VV and HH polar- 
ization. In order to resemble the JUSREX-92 scenario 

of Figure 11 as closely as possible, the model runs were 
performed for a radar frequency of 15.0 GHz and an 
incidence angle of 65 ø , where the latter value was cho- 
sen significantly smaller than the nominal 80 ø in order 
to avoid validity problems with the composite surface 
model. That is, the proposed model in its present form 
is not applicable to the actual scenario of Figure 11 and 
thus not expected to reproduce the observations per- 
fectly, but we can apply the model to a similar scenario 
for which it should be valid and see if similarities be- 

tween measured and obtained polarization dependence 
are obtained. In all model runs for the generation of 
Figure 13, the wind speed was assumed to be 5 m s -•, 
blowing down the radar look direction. 

The model results indicate that the JUSREX-92 in- 

ternal wave features should be clearly better visible at 
HH than at VV polarization. The difference between 
modulation depths at HH and VV is >2 dB for an in- 
ternal wave propagating toward the radar (180 ø in Fig- 
ure 13). At directions of 90 ø and 270 ø , corresponding 
to the actual geometry of Figure 11, the modulation 
depths at both polarizations have a minimum. How- 
ever, while the minimum modulation depth at HH po- 
larization is still of the order of 1.5 dB, the signature 
at VV vanishes almost completely under the same con- 
ditions. This behavior results from the fact that the 

Bragg waves themselves are not modulated at all when 
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VV 
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Figure 13. Theoretical modulation depth of a 
JUSREX-92 internal wave feature as function of the 

direction of propagation of the internal wave with re- 
spect to the radar look direction. Radar frequency is 
13.3 GHz; incidence angle at image center is 65ø; and 
wind speed is 5 ms -•, blowing down the radar look 
direction. 
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Figure 14. Simulated radar signatures of superimposed oceanic internal waves and atmospheric 
convective cells at VV and HH polarization for a scenario resembling the scenario of Figure 11. 
Gray scales have been adjusted individually for each image. 

the radar '^ ' ' ß •o• direction •s aligned with the: *• • •' ß n•r• wave 

crest, while the perpendicular longer waves which do ex- 
perience strong modulation cause a considerable contri- 
bution to the NRCS at HH but not at VV polarization. 

5.3. Discussion 

A preliminary conclusion from these results is that 
our model can explain the fact that the internal wave 
features of Figure 11 are better visible at HH than at 
VV polarization, while it does not appear to be capa- 
ble of explaining observed stronger signatures of atmos- 
pheric features at VV than at HH. However, although 
quantitative evidence of stronger atmospherically in- 
duced radar signatures at VV than at HH, thus evi- 
dence of shortcomings of our imaging model, may ex- 
ist, one should be aware of the fact that printed radar 
images which appear to exhibit such behavior can be 
misleading. It is common practice to optimize the gray 
scales of printed radar images individually in such a 
way that the darkest and the brightest areas of interest 
are mapped to gray levels close to black and to white, 
respectively (in order to account for variations due to 
speckle noise, one would do this on the basis of intensity 
histograms). If, by chance, the atmospherically induced 
signatures in the VV and HH channels of Figure 11 were 
stronger than the internal wave signatures at VV but 
weaker than those at VV polarization, gray scale opti- 
mization could well have resulted in dynamical ranges 
which emphasize the internal waves at HH and the at- 
mospheric features at VV. In order to demonstrate this 
effect, we have produced Figure 14 which shows gray 
scale-optimized results of a model run based on the 
aerodynamic and hydrodynamic scenario of Figure 11: 
The observed internal wave feature has been modeled 

by a combination of two features according to Figure 12 
with a distance of 800 m; the effect of the superimposed 
wind fluctuations is represented by a couple of open 

convective •" .... :,• . ,-..• • nn and a wind •,,o •,•,, • ,• .... et•r of 20• m 

amplitude of 0.5 m s -• at a mean ambient wind speed 
of 5 ms -•. The simulated images were produced by 
calculating spatially varying ocean wave spectra in the 
presence of the combined current and wind variations 
and feeding them into the composite surface scattering 
model, assuming again a radar frequency of 15 GHz and 
an incidence angle of 65 ø . 

Given the facts that our model is not supposed to 
be valid at an incidence angle of 80 ø and that absolute 
NRCS variations of the JUSREX-92 images of Figure 
11 have not been available to us, it is difficult to rate 
the significance of our model results, and we do not 
intend to say that we can explain the JUSREX-92 find- 
ings. However, a qualitative agreement of the differ- 
ences between the simulated radar images for VV and 
HH and the differences between the measured ones of 

Figure 11 is obvious, and to our knowledge, no other 
theoretical explanation for the polarization effects in 
the JUSREX-92 data has been given so far in the lit- 
erature. This encourages us to conclude that (1) the 
experimental finding that radar signatures of oceanic 
features are better visible at HH than at VV polar- 
ization is in good agreement with predictions of our 
imaging model; while (2) the impression that radar sig- 
natures of spatial wind variations are better visible at 
VV than at HH polarization is not confirmed by model 
results, but it may partly result from gray scale opti- 
mization of printed radar images in combination with 
the dominance of superimposed signatures of hydrody- 
namic features at HH polarization. 

On the basis of our model results and the JUSREX-92 

observations, we come to the conclusion that radar sig- 
natures of oceanic and atmospheric phenomena can, 
to some extent, be discriminated on the basis of their 
different variations with the polarization of the radar. 
In particular, radar signatures of oceanic phenomena 



25,718 UFERMANN AND ROMEISER: ATMOSPHERIC CONVECTIVE CELLS 

should usually be stronger at HH than at VV polariza- 
tion. Where only one polarization is available, VV ap- 
pears to be favorable for studies of wind-induced radar 
signatures, while HH should be selected for studies fo- 
cusing on hydrodynamic features. Although the com- 
plete explanation for the polarization effects observed 
during JUSREX-92 may be more complex than the one 
suggested above, these recommendations appear to be 
robust, since there is at least qualitative consistency 
between JUSREX-92 findings and our model results. 

6. Summary and Conclusions 

In this work we have presented a theoretical model 
that can be used for the simulation of multifrequency/ 
multipolarization radar signatures of the ocean surface 
in the presence of features like atmospheric convective 
cells above the sea surface and superimposed spatially 
varying current fields. The model consists of a para- 
meterization of the wind field that originates from the 
convective cells and the ambient wind field, a module 
for the computation of spatially varying wave spectra 
for each grid point, and a composite surface model 
for the computation of radar images. The model has 
been shown to reproduce main characteristics of exist- 
ing multifrequency/multipolarization radar signatures 
of atmospheric convective cells over the Gulf Stream 
encouragingly well. 

In contrast to former approaches based on empirical 
wind scatterometer models, the "physical" nature of the 
proposed model has enabled us to investigate the the- 
oretical dependence of radar signatures of atmospheric 
convective cells on a variety of environmental and radar 
parameters and to make predictions for parameter com- 
binations for which no experimental findings exist. On 
the basis of a sensitivity analysis we could show how 
far parameters of atmospheric convective cells can be 
determined from radar images and what radar parame- 
ters (high frequency, moderate incidence angle, VV or 
HH polarization) should be chosen for best detection of 
such features. 

Finally, characteristic differences between radar sig- 
natures of atmospheric and oceanic phenomena have 
been discussed. The experimental finding that radar 
signatures of oceanic features are stronger at HH than 
at VV polarization, while radar signatures of atmos- 
pheric features are better visible at VV than at HH, 
was shown to be basically consistent with our radar 
imaging model, although a complete understanding of 
the JUSREX-92 signatures discussed in section 5 will 
require further investigations. However, JUSREX-92 
data and model results support the conclusion that 
VV polarization is favorable for the remote sensing of 
atmospheric phenomena, while HH polarization should 
be used to observe oceanic phenomena with a minimized 
impact of superimposed atmospheric phenomena. Fur- 
thermore, it seems to be feasible to discriminate signa- 
tures of atmospheric and oceanic origin in multipolar- 

ization radar images by comparing modulation depths 
obtained at different polarizations. According to our 
model, absolute modulation depths associated with at- 
mospheric phenomena should be almost independent of 
the polarization, while pronounced differences are found 
in case of oceanic phenomena. 

Further work in this field should focus on the develop- 
ment of inverse models, which identify radar signatures 
of oceanic and atmospheric origin automatically and ex- 
tract geophysical information from the signatures. In 
addition, more detailed investigations on the differences 
between radar signatures at VV and HH polarization 
should be carried out. We believe that such activities 

would be quite promising and particularly valuable in 
view of coming multipolarization spaceborne SAR mis- 
sions such as Envisat and of a generally growing demand 
for the operational use of remote sensing techniques. 
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