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Abstract. Results from the analyses of several spaceborne imaging radar-C/X-band synthetic
aperture radar (SIR-C/X-SAR) images are presented, which were acquired during the two
SIR-C/X-SAR missions in April and October 1994 by the L-, C-, and X-band
multipolarization SAR aboard the space shuttle Endeavour. The images showing natural
(biogenic) surface slicks as well as man-made (anthropogenic) mineral oil spills were
analyzed with the aim to study whether or not active radar techniques can be applied to
discriminating between these two kinds of surface films. Controlled slick experiments were
carried out during both shuttle missions in the German Bight of the North Sea as well as in
the northern part of the Sea of Japan and the Kuroshio Stream region, where surface films of
different viscoelastic properties were deployed within the swath of the shuttle radars. The
results show that the damping behavior of the same substance is strongly dependent on wind
speed. At high wind speed (8—12 m/s) the ratio of the radar backscatter from a slick-free and a
slick-covered water surface (damping ratio) is smaller than at low to moderate wind speeds
(4-7 m/s). At 12 m/s, only slight differences in the damping behavior of different substarnces
were measured by SIR-C/X-SAR. Furthermore, several SAR scenes from various parts of the
world’s oceans showing radar signatures of biogenic as well as anthropogenic surface films at
low to moderate wind speeds are analyzed. The damping behavior of these different kinds of

oceanic surface films varies particularly at Lband where the biogenic surface films exhibit
larger damping characteristics. Results of polarimetric studies from multipolarization SAR
images showing various surface films are presented. It can be delineated from these results
that Bragg scattering as well as specular reflection contribute to the backscattered radar signal
at low incidence angles (up to 30°). It is concluded that at low to moderate wind speeds,
multifrequency radar techniques seem to be capable of discriminating between the different
surface films, whereas at high wind conditions a discrimination seems to be difficult.

1. Introduction

It is obvious that an effective oil spill surveillance, par-
ticularly of coastal waters, is necessary to avoid oil pollution
of these sensitive sea areas or, more realistically, to keep it as
small as possible. Oil films floating on the sea surface
dampen the small surface waves [Alpers and Hiihnerfuss,
1988, and references therein]. Since these waves are responsi-
ble for the backscattering of microwaves of comparable
wavelengths (Bragg scattering, see Valenzuela [1978]), oil
spills are visible as dark patches on radar images of the océan
surface. Further advantages of the use of radar techniques are
that the microwaves are mostly not influenced by clouds and
that active microwave techniques are independent of daylight.
For these reasons the 5.3 GHz (C-band) synthetic aperture ra-
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dar (SAR) aboard the first and second European Remote
Sensing Satellites (ERS-1/2) is already used for operational
oil surveillance (reported, e.g., by Wahl et al. [1994] and by
Pellemans et al. [1995)).

However, not only anthropogenic surface films consisting
of mineral oil dampen the surface waves and can be deline-
ated on SAR images. Also, biogenic surface slicks, which are
produced, €.g., by plankton and animals in the ocean [Dietz
and Lafond, 1950; Ewing, 1950; Hiihnerfuss and Garrett,
1981; Alpers and Hiihnerfuss, 1989; Lombardini et al., 1989],
show strong wave-damping capabilities and thus can cause
similar dark signatures in the SAR images, particularly when
the radar operates at one single frequency (like the ERS-1/2).
In order to reduce the risk of false alarms for the oil surveil-
lance, Wahli et al. [1994], Pellemans et al. [1995], and Slog-
gett and Jory [1995] developed computer-based automated
slick detection algorithms.

Biogenic surface slicks, because of their amphibilic mo-
lecular structure, form monomolecular surface films
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[Hiihnerfuss, 1986]; that is, the thickness of the surface-active
substance is very small in comparison to that of mineral oil
spills. Therefore the viscoelastic properties of these surface
films are different from the viscoelastic properties of oil
spills, which in turn leads to a different damping of the ocean
surface waves, the so-called Marangoni damping [Lucassen-
Reynders and Lucassen, 1969; Hiihnerfuss, 1986]. Following
Marangoni damping theory, monomolecular surface films ex-
hibit a resonance-like damping behavior, whereas the certain
damping maximum is missing for (thick) mineral oil spills. In
order to investigate the specific damping behavior of surface-
active substances several experiments have been performed
with natural and artificial sea slicks on the open ocean
[Garrett, 1967; Hiihnerfuss et al., 1983a, b, 1994, 1996; Er-
makov et al., 1986; Wu, 1989; Wei and Wu, 1992; Frysinger
et al., 1992; Onstott and Rufenach, 1992] and in laboratory
wind-wave tank facilities [Lange and Hiihnerfuss, 1978,
1984; Cini and Lombardini, 1978; Feindt, 1985; Hiihnerfuss,
1986; Tang and Wu, 1992; Gade et al., 1998a]. In the latter
instance it was shown that Marangoni damping [Lucassén-
Reynders and Lucassen, 1969; Cini and Lombardini, 1978;
Alpers and Hiihnerfuss, 1989] is the dominant mechanism for
the damping of short gravity sinusoidal waves by mono-
molecular slicks [Hiihnerfuss, 1986]. However, because of the
action of wind, additional energy fluxes also have to be taken
into account.

The application of multifrequency radar techniques should
therefore provide more reliable information about the viscoe-
lastic properties and thus about the origin of the detected sur-
face films. During the two spaceborne imaging radar-C/X-
band synthetic aperture radar (SIR-C/X-SAR) missions in
April and October 1994, called Space Radar Laboratory
(SRL) 1 and SRL 2, a three-frequency/multipolarization SAR
was flown aboard the space shuttle Endeavour. Several SAR
images of the ocean surface, particularly of film-covered wa-
ter surfaces, were acquired by SIR-C/X-SAR. In order to get a
reliable set of reference data for the measured damping ratios,
surface film experiments were carried out in the German
Bight of the North Sea: during both shuttle missions, surface
films of different viscoelastic properties were deployed within
the shuttle swaths. Similarly, a certain quasi-biogenic sub-
stance (oleyl alcohol) was deployed on the water surface in
the northern part of the Sea of Japan as well as in the
Kuroshio Stream region south of Japan on several days during
both shuttle missions in order to simulate natural surface
slicks under different environmental conditions.

In this paper the results of these field experiments are pre-
sented and are compared with damping ratios dertved from
several SIR-C/X-SAR images of biogenic and anthropogenic
surface films at different places of the world’s oceans. A more
detailed analysis can be found in work by Gade [1996].

2. Theoretical Background

During the experiments reported herein, measurements of
the radar backscattering were performed at intermediate inci-
dence angles (between 20° and 75°). For these incidence an-
gles the radar backscattering from the water surface can be
described to first order by Bragg scattering theory [Wright,
1968; Valenzuela, 1978]. According to this theory the nor-
malized radar cross section (NRCS) is proportional to the
spectral energy density of the Bragg waves, i.e., of those sur-
face waves of wavelengths Az that obey the Bragg resonance
condition
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where A, denotes the radar wavelength and ¢ denotes the in-
cidence angle. For a slick-free water surface the NRCS ¢, can
therefore be written as

oy = T; ¥lkp), 2
with
2
T, = lg'll 1675k8’cos41§‘,

where k; is the radar wavenumber. ¥(kp) is the spectral power
density of the Bragg waves with wavenumber kg = 277/45. The
function lg,,F depends on radar wavenumber, dielectric con-
stant & of the water, incidence angle, and polarization
(4 =HH, VV, HV, and VH; H and V mean horizontal and
vertical polarization, respectively. The first letter denotes the
polarization of the transmitted radiation and the second letter
denotes that of the received radiation). The thickness of a sur-
face film (either a monomolecular slick or a thin oil spill) is
small compared with the penetration depth of microwaves
into the water; therefore we may assumc that the Bragg coef-
ficient T; is not affected by the presence of a thin surface film,
ie.,

7;]_(0) 7:,‘(“) , 3)
where the superscripts (0) and (s) denote a film-free and a
film-covered water surface, respectively. It can be inferred
from (2) and (3) that the polarization ratio, i.e., the ratio of the
radar backscatter at horizontal and vertical polarization, is in-
dependent of a coverage of the water surface with a slick and
can be written as:

© (5)
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For an explicit expression of this ratio the reader is referred to
Valenzuela [1978], for example.

The damping of small gravity and gravity-capillary water
waves by monomolecular surface films can be explained by
Marangoni damping theory [Cini and Lombardini, 1978; Lu-
cassen, 1982; Cini et al., 1983; Alpers and Hiihnerfuss,
1989]. According to this theory the damping ratio y(f), i.e., the
ratio of the viscous damping coefficients A® for a stick-
covered and A for a slick-free water surface, can be ap-
proximated by the following expression:
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Here |Eland € denote the absolute value and the phase of the
complex dilational modulus E = |E| exp(i@-7) of the surface
film, respectively, k is the wavenumber, and @ =27zf=
(gk+ k)" is the angular frequency of the water surface
waves. Here 77 and p are the dynamic viscosity and the density
of the water, respectively, 7 is the ratio of the water surface
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Table 1. Absolute Values and Phases of the Dilational Modulus E = |Et exp(i6-7) for the Artificial Biogenic
Substances Deployed in the Dedicated Field Experiments

Abbreviation Substance IEl, 0,
Nm'! deg
OLA oleyl alcohol 0.0255 -175
OLME oleic acid methyl ester 0.0100 -5
TOLG triolein 0.0115 -175

Compare Figure 1.

tension and density, and g is the acceleration of gravity. The
rheological parameters |E| and 6 of the deployed substances
were taken from Hiihnerfuss [1986] and are summarized in
Table 1. Inserting these parameters into (5) and setting
r=73x10"m’s’, g=9.81m/s’, p=1000kg/m’, and
77 =0.001 Pas, the theoretical damping curves shown in Fig-
ure 1 were calculated.

During both SIR-C/X-SAR missions in 1994, controlled
surface film experiments were carriéd out. One of the goals of
these: experiments was to investigate the influence of envi-
ronmental conditions (particularly of the wind speed) on the
measured damping characteristic of the same substance (oleyl
alcohol, OLA). From recent radar backscatter measurements
with an airborne scatterometer [Hiihnerfuss et al., 1996; Gade
et al., 1998b; Wismann et al., 1998; Wismann et al., The
damping of short gravity-capillary waves by monomolecular
sea slicks measured by airborne multi-frequency radars, sub-
mitted to International Journal of Remote Sensing, 1998
(hereinafter referred to as Wismann et al., submitted manu-
script, 1998)] it was shown that no distinct damping maxi-
mum (as predicted by pure Marangoni damping theory) is
measurable for OLA and that the damping behavior of this
substance strongly depends on wind speed. In order to explain
these observations one has to take into account the source
terms of the action balance equation [ Hasselmann, 1960],

_a
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where N =w/k ¥ is the spectral action density of the water sur-
face waves, and S,;, S,;, S,s and S, are the source terms of
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Figure 1. Theoretical damping curves for the deployed
substances according to Marangoni damping theory; the
parameters of the dilational modulus E = |El exp(i@-7m) are
given in Table 1.

energy input by the wind, by nonlinear wave-wave interaction,
and of energy loss by viscous dissipation and wave breaking,
respectively. Expressions for the source terms of viscous dis-
sipation and wind input can be found, e.g., in work by Plant
{1982], Mitsuyasu and Honda [1982], Phillips [1985], and
Alpers and Hiihnerfuss [1989] as

sO = 249, Ny (k) (7

sW o= BY N, ®)

where ¢, is the group velocity of the water waves and
i€ {0;s}. The function S depends on the angle between the
wind and wave direction, the group velocity, and on the wind
friction velocity. Using (2), (6), (7), and (8), one obtains for
the theoretical damping ratio, i.e., the ratio of the (normalized)
radar cross section of a slick-free and a slick-covered water
surface

(s) (s) 0 0
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One certainly cannot assume that the water surface of the
North Sea (or any other sea surface) is absolutely slick-free
(compare the superscript (0) in (9)). However, to first order,
we iay assume that (9) gives a reasonable measure of the
damping ratios. In order to use a simple notation we will
hereinafter refer to the sca surface as "slick covered” or "slick
free," corresponding to the film-covered water surface and the
surrounding area, respectively.

The terms in the far right factor of (9), i.e., the source terms
for nonlinear wave-wave interaction and for wave breaking,
are still poorly known and cannot easily be determined. Re-
cently, Gade [1996] showed that under high wind conditions
(> 10 m/s) the reduction of the backscattered radar signal by
different oceanic surface films measured by an airborne scat-
terometer can successfully be simulated using (9) by also
taking the source terms for wave breaking into account. These
results, however, are presented in another paper [Gade et al.,
1998b]. Particularly, under low to moderate wind conditions,
where the energy input by the wind is too low to overcome the
strong viscous dissipation by the slick, nonlinear wave-wave
interaction plays an important role. Thérefore we refrained
from calculating theoretical damping ratios, however, (9)
seems to be adequate for some qualitative analyses presented
in this paper.

3. Experimental Results

Natural sea slicks have already been analyzed, e.g., by
Dietz and Lafond [1950], Ewing [1950], Hiihnerfuss and
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Garrett [19811, and Espedal et al. [1995]. The main chemical
components of these surface films are fats, carbohydrates,
proteins, sterols, and fatty acids [Hunter and Liss, 1981] con-
sisting of a hydrophobic alkyl chain (preferentially with a
length between C;4 and Cy) and a hydrophilic head group.
Typical of natural surface films are Cy¢ and C,3 components
[e.g., Hiihnerfuss et al., 1982; Hiihnerfuss, 1986], hence these
substances were used to simulate biogenic surface films dur-
ing the experiments reported herein.

SIR-C/X-SAR, mounted on board the space shuttle En-
deavour, worked at the three radar bands L, C, and X (i.e., at
radar frequencies of 1.25, 5.30, and 9.60 GHz, respectively).
While the L- and C-band SARs could operate in multipolari-
zation mode, i.e., at all polarization combinations HH, HV,
VV, and VH, X-SAR was capable of taking images at vertical
(VV) polarization only. The incidence angle varied between
20° and 55°, and the SAR swath width on the ground varied
between 15 and 90 km. The noise floor at L and C bands was
—36 and -28 dB, respectively [Freeman et al., 1995], whereas
at X band it depended on the incidence angle (between —40
and -30 dB for incidence angles between 25° and 55° [Zink
and Bamler, 1995]). Thus, measured damping ratios can be
affected by instrumental limitations of the SIR-C/X-SAR
system (see below). For further information on the SIR-C/X-
SAR system and the data quality the reader is referred to Jor-
dan et al. [1995], Zink and Bamler [1995], and Freeman et al.
[1995].

For the computation of the damping ratios (9) the same
number of pixels from a slick-free and a slick-covered area
along a scan line (width 1s 3 pixels, corresponding to 37.5 m)
was averaged and the ratios of the obtained values were cal-
culated. Since, in general, surface films are not homogeneous,
pixels from only one scan were used for calculating the
damping ratios of each radar band (instead of averaging over
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the whole slick-covered area). Moreover, this technique al-
lows for better comparison of results obtained from different
surface films (particularly when they are of different sizes).

3.1. Dedicated Experiments With Single Oleyl Alcohol
Slicks

Oleyl alcohol (OLA, see Table 1) forms a monomolecular
surface film well suited to simulate slicks of natural origin
and have already been used in several surface film experi-
ments [Hiihnerfuss et al., 1983a, b, 1994, 1996; Feindt, 1985;
Hiihnerfuss, 1986; Okamoto et al.; 1993; Gade et al., 1998a,
b; Wismann et al., submitted manuscript, 1998]. From these
experiments the specific damping characteristics of this sub-
stance are well known; therefore OLA was used in both sur-
face film experiments in Germany and Japan in order to in-
vestigate whether SIR-C/X-SAR was capable of detecting
small (quasi-) biogenic surface filims. For simplicity the slicks
consisting of oleyl alcohol and other substances simulating
natural surface films are referred to as "biogenic” surface
films, instead of "quasi-biogenic." The locations of the ex-
periments, the acquisition times of the SIR-C/X-SAR images,
and the environmental conditions are listed in Table 2.

The first German experiment took place in the German
Bight of the North Sea, west of the island of Sylt, on April 18,
1994 (54°54’N, 7°50°E). During this experiment, 120L of
OLA were thrown as frozen chunks from a helicopter on the
sea surface. While these chunks were melting, OLA spread on
the water surface such that an area of ~ 0.5 km’® was covered
by this biogenic slick. The wind speed was moderate (5 m/s),
which was optimum for slick experiments. SIR-C/X-SAR im-
ages of the OLA slick, which were taken at L, C, and X band,
VV polarization, are depicted in Figure 2. On the northern
edge of the slick a thin "tail” was produced in order to inves-

Table 2. Time of SAR Image Acquisitions and Environmental Conditions During the Dedicated

Surface Film Experiments
Date / Time, UTC Position Site Substance Ui, T SST, ?J, Data Take
m/s °C °C deg
April 9, 2138 44°01’ N, n OLA - 4.2 (338°N) 33 5.0 21.5 SRL1,8.1

139°55° E

April 12,0312 43°42° N, I OLA 9.0 (135°N) 8.0 6.2 45.0 SRL 1,44.2
140°31’E

April 15,0214 43°42’ N, J1 OLA 8.8 (243°N) 6.5 49 23.5 SRL 1,92.2
140°29’ E .

April 16, 0153 43°17" N, I OLA 6.8 (205°N) 7.2 5.7 31.2 SRL 1, 108.7
139°51’E

April 18, 0526 54°54’ N, G OLA 5 (30°N) 33 4.3 356 SRL 1, 143.3

7°50’ E

October 1, 0533 32°44’ N, J2 OLA 5.7 (16°N) 25.1 26.4 264 SRL 2, 13.3
135°19° E

October 2, 0515 33°49’ N, 2 OLA 5.2 (81°N) 23.1 233 473 SRL 2,29.5
137°60° E

October 4, 0437 32°57° N, 2 OLA 9.3 (84°N) 243 25.6 28.8 SRL 2,61.4
135°05’ E

OLA
October 6, 0812 54°58’ N, G OLME 12 (210°N) 11.0 12 46.5 SRL 2,96.2
7°45°E TOLG :
IFO 180

The abbreviations for the test sites denote J1, northern part of the Sea of Japan; J2, Kuroshio region south of Japan; and
G, German Bight of the North Sea. Also shown are the deployed substances, the wind speed Uho (and its direction), the air
temperature T, the sea surface temperature SST, and the local incidence angle &.
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Figure 2. Spaceborne imaging radar-C/X-band synthetic aperture radar (SIR-C/X-SAR) images showing a
monomolecular surface film consisting of oleyl alcohol (OLA) during the first German surface film
experiment in the German Bight. The images were acquired at L, C, and X band, VV polarization, on April

18, 1994, at 0526 UTC (dimensions 5 by 5 km, images courtesy of NASA and DLR).

tigate whether SIR-C/X-SAR is capable of detecting surface
slicks of small dimensions.

As an example for the reduction of the radar backscatter
induced by the OLA slick a typical scan line is shown in Fig-
ure 3 (left). The corresponding (relative) backscattered power
along this scan at L, C, and X band, VV polarization, is
shown in Figure 3 (right). In order to allow a better discrimi-
nation the three curves are scaled in such a way that the dif-
ference of the mean radar backscatter from a slick-free water
surface at adjacent radar bands is 10 dB (see the horizontal
dashed lines). A distinct reduction of the radar backscatter
from the slick-covered area can be delineated at all three radar
bands. However, this reduction is lowest at L band (~ 5 dB),
whereas it is similar at C and X band (~ 10 dB). Following
Freeman et al. [1995] and Zink and Bamler [1995], the sig-
nal-to-noise ratios (SNRs) for the SAR images in this pai-
ticular case are 21 (L band), 12 (C band), and 16 dB (X band).
We can therefore assume that the measured reductions of the

backscattered radar power, particularly at C band, are affected
by instrumental limitations, i.e., by the fact that the backscat-
tered radar power reaches the noise floor. Another manifesta-
tion of an insufficient SNR is a change of the polarization ra-
tio on a slick-covered water surface. Following (4), the ratio
of the backscattered radar power at HH and VV polarization
should be independent of the slick coverage of the water sur-
face. This has in fact been observed for L band, whereas the’
slick-covered water surface results in higher values of the po-
larization ratio at C band (these results are not shown herein,
for details see Gade [1996]).

Figure 4 shows the damping ratios obtained from the
analysis of the SIR-C/X-SAR images. From this experiment,
only images at like-polarization HH and VV were received.
The values for the theoretical SNR given above are inserted in
Figure 4 as a dashed line. For a better discrimination between
the different data points we have refrained from plotting any
error bars. In all cases reported herein, however, the error of

Distance [km]

Figure 3. Scan lines through the SIR-C/X-SAR images shown in Figure 2. (left) X band, VV polarization,
image with the included scan line. (right) (Relative) backscattered radar power along this scan line for all
radar bands and VV polarization. The curves are scaled in such a way that the difference between the mean
radar backscatter from the slick-free water surface for adjacent radar bands is 10 dB (compare the dashed
horizontal lines).
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Figure 4. Damping ratios calculated from the SIR-C/X-SAR
images of the OLA slick shown in Figure 2, i.e., of the first
surface film experiment in the North Sea at moderate wind
speed (5 m/s). The dashed line denotes the theoretical values
for the signal-to-noise ratio (SNR) for this particular data
take. The horizontal bars at the bottom denote the Bragg
wavenumber coverage by the different radar bands (see (1)).
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the calculated data points was less than 3 dB. It can be con-
cluded from Figure 4 that the measured damping ratios in-

. crease with Bragg wavenumber, which is in contrast to pure

Marangoni damping (compare Figure 1). Furthermore, no sig-
nificant dependence on the polarization was found.

A total of seven similar experiments were performed dut-
ing SRL 1 and SRL 2 in the northern part of the Sea of Japan
(around 44° N, 140° E) and in the Kuroshio region south of
Japan (around 33° N, 136° E), respectively. In contrast to the
experiments in Germany, liquid OLA was spilled from a re-
search vessel on the water surface. Since a similar amount of
surfactant was used, the slick-covered sea surface area is
comparable to that of the German surface film experiment. In
Figure 5, SIR-C/X-SAR images taken on April 16, 1994, at
0153 UTC are depicted at all radar bands and polarizations,
showing an OLA slick (SRL 1, data take 108.7, image dimen-
sions 5 by 5 km). As already mentioned, X-SAR was operat-
ing at VV polarization only. The analyses of the two cross-
polarization images yielded the same results; therefore only
HYV was chosen as an example for cross polarization.

The Japanese surface film experiments were performed at
different wind speeds (see Table 2), thus, the obtained resuits
were subdivided into two wind speed ranges, i.e., into moder-
ate (4-7 m/s) and high wind speeds (8-10 m/s). In Figure 6

Figure 5. SIR-C/X-SAR images of an experimental OLA slick deployed during the Japanese surface film
experiments in the northern part of the Sea of Japan. SAR images acquired at all radar bands (X, C, and
L band) and all polarization combinations (VV, HH, and HV) are shown (images acquired on April 16, 1994,
at 0153 UTC, dimensions 5 by 5 km, images courtesy of NASA and DLR).
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Figure 6. Damping ratios calculated from SIR-C/X-SAR
images of OLA slicks acquired at moderate wind speeds (4—
7 m/s) during the Japanese surface film experiments. The
dashed line denotes the theoretical values for the signal-to-
noise ratio (SNR). The horizontal bars at the bottom denote
the Bragg wavenumber coverage by the different radar bands

(see (1)).

and Figure 7 the respective data are shown. Again, we in-
serted the theoretical values of the SNR as dashed lines. In
general, the SNR was sufficiently high for all three radar
bands except for SRL 1, data take 44.2 (high wind speed), and
SRL 2, data take 13.3 (low to moderate wind speed, compare
Table 2). However, taking into account all results, we may as-
sume that the observed results are not affected by instrumental
limitations. Each vertically spread group of data points corre-
sponds to one single surface film experiment (and thus one
radar incidence angle). It can clearly be seen that the meas-
ured damping ratio of OLA strongly depends on wind speed;
for moderate wind speed the obtained values are higher than
for high wind speed, particularly at C and X band. Again, no
dependence of the damping ratios on polarization was found.
It is worth noting that in all cases the damping ratios for mod-
erate wind speeds (Figure 6) are lower than those measured
during the German surface film experiment (Figure 4), al-
though deployed substance, wind speed, and radar incidence
angle were similar (compare Table 2).

3.2. Dedicated Experiment With Several Different Sur-
face Films

After successful experiments in April 1994 a larger surface
film experiment was performed in the German Bight during
SRL 2 on October 6, 1994. The analyses of the SAR images
of the first experiment (Figure 2) showed that SIR-C/X-SAR
is capable of detecting surfacc films of cven small dimensions
(see the tail at the northern edge of the slick). Therefore this
time a set of (small) surface films was deployed on the sea
surface, again, west of the island of Sylt (see Table 2). SIR-
C/X-SAR images of the test site, which were taken at 0712
UTC on October 6, 1994, are depicted in Figure 8. In this cx-
periment, not only artificial biogenic slicks were deployed,
but also a mineral oil spill consisting of heavy fuel (technical
abbreviation IFO 180). They are visible in the SAR images of
Figure 8 as dark patches "a" through "g", i.e., a, IFO 180; b,
OLA,; ¢, oleic acid methyl ester (OLME), d, triolein (TOLG);
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e and f, TOLG and OLME, respectively, spread with the help
of n-hexane; and g, OLME spread with the help of ethanol
(for details see Gade [1996]). Again, the pure substances were
deployed on the water surface as frozen chunks from a heli-
copter. The dissolved surfactants, however, had to be spilled
on the water surface from a small vessel by using a long tube
in order to avoid any disturbances by the ship.

Directly before the space shuttle Endeavour flew over the
test site, an atmospheric front passed the area, so that the wind
speed increased from 6 to 12 m/s. Under these wind condi-
tions the various surface films arc cxpected to show a similar
damping behavior (note that the contrasts of all surface films
seem to be equal at all three radar bands) and to remain on the
water surface for a shorter time.

In Figure 9 the results of the SAR image analyses are
shown for the four surface films which had been deployed as
pure substances (IFO 180, OLA, OLME, and TOLG). In all

n;mek the (anﬁmpnﬂv high) theoretical values for the SNR

...................... ipany AILRALLILAl Vallts 101 U

are included as dashed lines. The damping ratios fot the sticks
consisting of dissolved OLME and TOLG are similar to those
for the respective pure slicks [Gade, 1996] and are not shown
herein. Again, the damping ratios obtained at high wind
speeds are relatively low with respect to those obtained at
moderate wind speeds (compare Figure 4). In accordance with
the other results already presented, no dependence on polari-
zation was found for all surface films. The main result, how-
ever, from the second surface film experiment in Germany is
that under high wind conditions a discrimination of different
surface film materials, particularly of small natural (biogenic)
slicks and (anthropogenic) oil spills, using SAR image data is
not possible.

3.3. Biogenic and Anthropogenic Surface Films Imaged
by Chance

The results of the German and Japanese surface film ex-
periments demonstratc that low to moderatc wind conditions
are necessary to allow a discrimination between oceanic sur-
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Figure 7. Damping ratios calculated from SIR-C/X-SAR
images of OLA slicks acquired at high wind speeds (8-
10 m/s) during the Japanese surface film experiments. The
dashed line denotes the theoretical values for the signal-to-
noise ratio (SNR). The horizontal bars at the bottom denote
the Bragg wavenumber coverage by the different radar bands

(see (1)).
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Figure 8. SIR-C/X-SAR images of the second German surface film experiment in the German Bight showing
surface films consisting of a, heavy fuel (IFO 180); b, OLA; c, oleic acid methyl ester (OLME); d, triolein
(TOLG); e and f, TOLG and OLME, respectively, spread with the help of n-hexane; and g, OLME spread
with the help of ethanol. Note the bright spot at the lower end of the OLA slick, which is due to an oil
surveillance ship. The images were acquired at L, C, and X band, VV polarization, on October 6, 1994, at
0712 UTC (dimensions 12 by 4 km, images courtesy of NASA and DLR).

face films of different origin (of course, different radar bands,
particularly X band, are also necessary). Therefore we have
analyzed SIR-C/X-SAR images of biogenic and anthropo-
genic surface films which were acquired during both shuitle
missions in 1994 at different places of the world’s oceans at
low to moderate wind conditions (i.e., the estimated wind
speed was lower than, say, 7 m/s). The results are presented in
this section.

Figure 10 shows SIR-C/X-SAR images of biogenic surface
films on a sea area west of north Denmark (56°47°N, 7°24’E)
acquired on April 12, 1994, at 0728 UTC (at L, C, and
X band, VV polarization). During the first shuttle mission in
April 1994 an algae bloom took place in the North Sea,
largely consisting of Phaeocystis globosa, so that at low wind
speeds, large parts of the sea surface were covered by bio-
genic slicks. From ship observations the wind speed in this
sea area was estimated to be 3-5 m/s. In order to demonstrate
the different imaging of surface films by the three radar
bands, certain areas are marked in Figure 10. Area "a" is a
small slick which is well visible at X band (lower image) but
almost invisible at L band (upper image). The small elongated
slick marked as "b" is visible at all three radar bands (with the

highest contrast at L band). Taking into account only the L-
band image, one would classify area "c" as slick free, how-
ever, from the corresponding part of the X-band image it can
be seen that there is a light coverage with surface-active mate-
rial (a so-called "submonomolecular” film region). This ex-
ample shows that multifrequency SAR imagery can yield im-
portant additional information about sea surface films.

In the present study, various SIR-C/X-SAR images show-
ing biogenic surface slicks at different places of the world’s
oceans were analyzed. The results of these analyses are de-
picted in Figure 11. The large scatter of the data is due to the
fact that, firstly, SAR images of different biogenic slicks (at
various sea areas) were analyzed and, secondly, the natural
surface films are very inhomogeneous because of different
fractions of their chemical components and/or because of a
different state of their development (see the results presented
by Hiihnerfuss et al. [1994, 1996]). In- all cases the wind
speed was low to moderate (biogenic surface slicks appear on
the water surface only at low wind conditions [Hiihnerfuss
and Garrert, 1981]). For all natural surface slicks investigated
herein the theoretical SNRs (see the dashed lines in Figure 11)
are obviously a limit for the observed damping ratios; that is
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in these cases the measurement results are strongly affected by
the instrumental limitations.

The most notable characteristic of the measured damping
ratios shown in Figure 11, however, is that biogenic surface
films exhibit a strong damping of the long Bragg waves im-
plying a high damping of the radar backscatter at L band. In
all cases a minimum of the measured damping ratios was
found at Cband, i.e., at intermediate Bragg wavenumbers
(however, this minimum is shallower than the scatter within a
given Bragg wavenumber). This observed minimum coincides
with the minimum SNR at C band (see the dashed line in Fig-
ure 11), which indicates that instrumental limitations are re-
sponsible for this peculiarity. .

During the two shuttle missions, SIR-C/X-SAR images of
anthropogenic mineral oil spills were also acquired. Examples
of detected oil pollution are shown in Figure 12 and Fig-
ure 13. In Figure 12, SIR-C/X-SAR images are shown which
were acquired over the eastern Atlantic Ocean, north of the
Azores (42°49°N, 26°12’E) on April 12, 1994, at 0721 UTC,
i.e., directly after sunrise (typically, oil pollution occurs dur-
ing nighttime, when the poliuters suppose that they are not
detectable). On these images, freshly spilled mineral oil is
visible as a dark narrow diagonal line. The polluting ship can
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be delineated as a bright spot at the western (bottom right)
edge of this line. The bright area almost in the center of the C-
and X-band SAR images is very likely due to heavy rain im-
pinging on the water surface and producing small (ring)
waves (a detailed description of SAR signatures of rain cells
is given by Melsheimer et al. [this issue]). Note the low con-
trast of the oil spill at L. band.

Another example of the imaging of oil pollution by SIR-
C/X-SAR is shown in Figure 13. The large mineral oil spill
visible at all three radar bands was imaged in the Baltic Sea,
east of the island of Borpholm (55°02°N, 16°36’E) on April
16, 1994, at 0742 UTC. The maximum dimensions of the oil
spill are 8 by 2km, and the oil-covered surface area is
~ 15 km®. Again, the minimum oil-induced radar contrast is
observed at L band; however, at the southern edge of the spill
a dark line can be seen, which may be caused by a larger
thickness of the oil film. We hypothesize that the oil was dis-
charged during the night, so that it had already been on the
water surface for several hours when the images were taken.

In order to investigate the spatial dependence of the
damping characteristic of the large oil spill shown in Fig-
ure 13 several scan lines parallel to the long axis of the spill
were calculated. From these scan lines the damping ratios
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Figure 9. Damping ratios calculated from the SIR-C/X-SAR images of the IFO 180, OLA, OLME, and
TOLG surface films shown in Figure 8, i.e., the four surface films spread as pure substances during the
second German surface film experiment at high wind speed (12 m/s). The dashed line denotes the theoretical
values for the signal-to-noise ratio (SNR) for this particular data take. The horizontal bars at the bottom of
each panel denote the Bragg wavenumber coverage by the different radar bands (see (1)).
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Figure 10. STR-C/X-SAR images showing natural (biogenic)
surface films in the North Sea off the coast of north Jutland
(Denmark). The images were acquired at L, C, and X band,
VV polarization, during the first shuttle mission on April 12,
1994, at 0728 UTC (Space Radar Laboratory (SRL) 1, data
take 47.10; dimensions 9 by 7 km). For a description of the
areas "a," "b,” and "c," see text. Images courtesy of NASA
and DLR.

shown in Figure 14 were derived. The theoretical SNR values
at all radar bands are higher than 12 dB. The size of the cir-
cles corresponds to the thickness of the oil layer, assuming
that this thickness is maximum at the southern edge of the
spill, compare the L-band image shown in Figure 13
(according to the results of oil spill experiments presented by
Wismann et al. [1998] the damping ratio increases with the
thickness of the mineral oil spill). Most notable in Figure 14 is
that for the thick part of the oil spill the increase in the
damping ratios with Bragg wavenumber is linear (in the log-
log space), whereas for the thin part this increase is reduced at
high Bragg wavenumbers, i.e., from C to X band.
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Damping ratios were calculated from the SAR images de-
picted in Figure 13 as well as from others showing different
(not only fresh but also "weathered") oil spills, e.g., in the
Persian Guif and in the Strait of Malacca (for details, see
Gade [1996]). From the radar backscatter from the film-free
water surface as well as from ship observations the mean
wind speed in the sea areas was estimated to be low to moder-
ate (up to ~ 6 m/s) in all cases used for the present study. The

-results of the analyses are shown in Figure 15. Since the theo-

retical SNR values, on average, were better than 20 dB for all
radar bands, we refrained from inserting them as a dashed line
(as inserted in most of the previous figures).

The main difference to the results for biogenic surface
slicks shown in Figure 11 is that the measured damping ratios
for mineral oil spills are lower, particularly at L band. Fur-
thermore, no relative minimum of the damping ratio at inter-
mediate Bragg wavenumbers was found for (anthropogenic)
mineral oil spills, but the measured damping ratios increase
with Bragg wavenumber. Again, the large scatter in the data
may be caused by different environmental conditions as well
as different compositions and ages of the spills and hence dif-
ferent viscoelastic properties of the mineral oils. However, a
comparison of the results of biogenic and anthropogenic sur-
face films (Figure 11 and Figure 15, respectively) shows that
there are distinct differences between the measured damping
behavior.

3.4. Results of Polarimetric Studies

The multipolarization capabilities of the SIR-C radar sys-
tem allowed polarimetric investigations, particularly, further
insights into the scattering mechanism on the water surface. In
this section the results of polarimetric studies are presented in
order to investigate differences induced by the coverage of the
ocean surface by a thin film of organic compounds. For the
theoretical background and a survey of applications of po-
larimetry the reader is referred, for example, to the papers of
van Zyl et al. [1987) and Zebker and van Zyl [1991].
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Figure 11. Damping ratios calculated from SIR-C/X-SAR
images of several biogenic surface films. The SAR images
were acquired during both shuttle missions in 1994 at
different places of the world’s oceans and at low to moderate
wind speeds. The dashed line denotes the theoretical values
for the signal-to-noise ratio (SNR). The horizontal bars at the
bottom denote the Bragg wavenumber coverage by the
different radar bands (see (1)).
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Figure 12. SIR-C/X-SAR images showing a mineral oil spill as a dark narrow diagonal line in the east
Atlantic, porth of the Azores. The oil-spilling ship can be delineated as a bright spot at the western end of the
spill. The large bright areas visible at C and X band are due to rain cells. The images were acquired at I, C,
and X band, VV polarization, during the first shuttle mission on April 12, 1994, at 0721 UTC (SRL 1, data
take 47.10; dimensions 9 by 6 km, images courtesy of NASA and DLR).

Polarization signatures calculated from several SIR-C/X-
SAR images showing signatures of oceanic surface films are
depicted in Figure 16, Figure 17, and Figure 18. In each po-
larization signature the x (front) axis denotes the ellipticity
angle, 7, of the electromagnetic waves (y = 0° means zero el-
lipticity, i.e., linear polarization, = 145° means circular po-
larization), and the y axis denotes the orientation angle, ¥
(y=90° means vertical orientation, ¥=0° and y=180°
mean horizontal orientation). The (vertical) z axis denotes the
normalized image intensity. If the maximum image intensity is
observed for VV polarization (like in the cases presented
herein), the relative maximum at the front side (for = 180°
and y = 0°) thus denotes the ratio of the radar backscatter at
HH and VV polarization (polarization ratio). .

Most of the SAR images of the surface film experiments
around Japan (with a single OLA slick) were acquired in the
multipolarization mode. As an example for our polarimetric
studies, copolarization signatures calculated from the SAR
images in Figure 5 are shown in Figure 16. The four polariza-
tion signatures look similar; that is, it can be delineated that
for moderate wind speed (6.8 m/s) there are no significant
qualitative differences observed between the backscattering,
first, at L and C band (compare the upper and lower row in
Figure 16) and, second, from a slick-free and a slick-covered
water surface (compare the left and right column in Figure 16)
at both radar bands.

Only during the second surface film experiment in the
North Sea (at 12 m/s), SAR images were acquired in the mul-
tipolarization mode. Thus polarimetric studies using SAR im-
ages of different kinds of surface films under high wind con-
ditions were performed. In Figure 17, examples of copolari-
zation signatures are shown for a slick-free water surface as
well as for a water surface covered by a (monomolecular, bio-
genic) TOLG slick and by heavy fuel IFO 180 (representing
an anthropogenic surface film). Again, the polarization sig-
natures are similar for the two radar bands (upper versus
lower row) and for film-free and film-covered water surfaces
(compare the three columns). However, the polarization sig-
natures shown in Figure 17 qualitatively differ from those
shown in Figure 16; that is, for the moderate wind speed case
the maximum is more pronounced. In comparison with the
other polarization signatures shown in Figure 17 we observed
a higher value for the polarization ratio at L band for the
TOLG-covered water surface (see the higher relative maxi-
mum at the front side).

Finally, copolarization signatures derived from SAR im-
ages of a marine surface film in the eastern Pacific are shown
in Figure 18 (the SAR images are not shown herein). Al-
though natural slicks were imaged by SIR-C/X-SAR close to
this surface film, its origin could not clearly be inferred from
the SAR images (i.e., from its shape and/or damping behav-
ior). The SAR images were taken at a low incidence angle
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Figure 13. SIR-C/X-SAR images showing a mineral oil spill in the Baltic Sea, west of the island of
Bornholm. Note the inhomogeneous contrast of the oil-covered area, particularly at L band. The images were
acquired at L, C, and X band, VV polarization, during the first shuttle mission on April 16, 1994, at 0742
UTC (SRL 1, data take 112.20; dimensions 8 by 7 km, images courtesy of NASA and DLR).
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Figure 14. Damping ratios calculated from the SIR-C/X-SAR
images of the mineral oil spill in the Baltic Sea shown in
Figure 13. The sizes of the open circles denote the position
within the slick; that is, large circles correspond to the thick
(southern) edge, and.small circles correspond to the thin
(northern) edge. The horizontal bars at the bottom denote the
Bragg wavenumber coverage by the different radar bands (see

(1.

(24.6°; SRL 1, data take 112.2) and low to moderate wind
speed, and thus the calculated polarization signatures are
similar to those shown in Figure 16. However, the coverage of
the ocean surface with a surface film in this case leads o a
pronounced change in the shape of the polarization signa-
tures: the pedestal is higher both at L and C band.

4. Discussion

One of the goals of the experiments carried out in the Ger-
man Bight of the North Sea as well as in the Sea of Japan and
the Kuroshio Stream region was to investigate the influence of
environmental conditions (particularly the wind speed) on the
measured damping characteristic of the same substance
(OLA). Gade [1996] discussed the differences obtained from
the surface film experiments in the North Sea taking into ac-
count data which had been acquired by an airborne multifre-
quency/multipolarization scatterometer. He explained the
changes in the damping behavior by means of the source
terms of the action balance equation (6). At low wind speeds
the energy input by the wind and the energy loss by wave
breaking are small, so that because of the high viscous dissi-
pation, nonlinear wave-wave interaction becomes dominant at
intermediate and high Bragg wavenumbers (see (6)). At high
wind speeds the reduction of wave breaking by the surface
film plays an important role for the different energy flux on a
film-covered water surface. Using (9) and taking into account
that either the wind input (high winds) or the nonlinear wave-
wave interaction (low winds) dominates, the absence of the
maximum in the measured damping ratios can be explained.
Furthermore, it is obvious that the absence of the damping
maximum is independent of wind speed (both effects cannot
be explained by Marangoni damping theory itself). The inde-
pendence of the measured damping ratios on radar polariza-
tion is in accordance with Bragg scattering theory (see (4)).

A maximum damping behavior for OLA was measured
during the first German surface film experiment, while in all
other cases the damping ratios are smaller, even in the same
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wind speed range during the Japanese surface film experi-
ments. These differences may be explained by two facts.
Firstly, during the Japanese experiments, OLA was deployed
on the water surface directly from a ship, whereas during the
German experiments it was disseminated as frozen chunks.
This may cause a different distribution of the surfactant on the
water surface, i.e., a different "morphological structure,” and
therefore a different damping characteristic. Recently, it was
shown by Hiihnerfuss et al. [1994, 1996] that morphology ef-
fects induced, for example, by different spreading mecha-
nisms can lead to strong changes of the damping capabilities
of a monomolecular surface film. Secondly, during the first
German surface film experiment the direction of the tidal flow
was antiparallel to the direction of the long wave propagation.
Thus the long waves should have been steeper, which, in turn,
might cause a stronger wave breaking or generation of bound
waves at the crests of the longer waves. The generation of
bound capillary waves has first been investigated theoretically
by Longuet-Higgins [1963]. More recently, Ebuchi et al.
[1987, 1992] verified this theory in their experiments and
showed that also small gravity-capillary waves can be bound
to steep gravity waves. In wind-wave tank measurements,
Gade [1996] and Gade et al. [1998c] showed that this gen-
eration mechanism can be strongly affected by the presence of
a monomolecular surface film and thus can explain-measured
high damping ratios.

During both shuttle missions, SIR-C/X-SAR images of
biogenic and anthropogenic surface films were acquired and
analyzed with the aim to investigate damping characteristics
of different organic film types. It can be inferred from the re-
sults shown in Figure 11 and Figure 15 that the measured
damping ratios are strongly different, particularly at L band.
The large damping ratios measured at low Bragg wavenum-
bers (L band) can be explained by means of the large sea areas
which have been covered by the surface films. Alpers and
Hiihnerfuss [1989] showed that nonlinear wave-wave interac-
tion can be responsible for a strong damping, even of waves
with wavelengths longer than those which are most affected
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Figure 15. Damping ratios calculated from SIR-C/X-SAR
images of several anthropogenic surface films, very likely
consisting of mineral oil. The SAR images were acquired
during both shuttle missions in 1994 at different places of the
word’s oceans. The horizontal bars at the bottom denote the
Bragg wavenumber coverage by the different radar bands (see

1.



GADE ET AL.: IMAGING OF OCEAN SURFACE FILMS BY SIR-C/X-SAR

18,863

-
<

@ - 2] e
< SRR S SSEERBIN
g SN 2 EBENN
£ e E L 470N
L band : ) RSN (N
S Y
Q % BRI
% 2 XXX
Q’( 90 K3 0:::‘:‘ : 0"
45 B s 45
i 0 A degl
moderate wind 1806 gyipn, Angle (ded! 18055 gt Angle 149
(6.8 m/s) .
" slick-free i OLA
@ S g o N
5 SN S SESTZEXINN
£ S7ENN £ AN
- ORI : AN
Cband ¢ N RN
oG G
0 (55 \\ % %
o (XXXOC0S Q KX “‘0,00;
) ,
2% 9 % 90

-45

0
Etipt. Angle {deg}

0
guipt. Ange 140

Figure 16. Polarization signatures calculated from SAR images of the OLA slick shown in Figure 5 for (left)
a slick-free water surface and (right) a water surface covered with OLA (data take 108.7). During this surface
film experiment with an oleyl alcohol slick the wind conditions were moderate (6.8 m/s). The upper two
signatures were calculated from the L-band SAR images, and the lower two signatures were calculated from
the C-band SAR images. The x-, y-, and z-axes denote ellipticity angle, orientation angle, and normalized

intensity of the microwaves (see text).

by Marangoni damping (compare Figure 1). However, mineral
oil spills typically cover a small sea area, so that the energy
transfer by nonlinear wave-wave interaction is less, and thus
lower damping ratios at L band are measured.

The L-band damping ratios derived from SAR images of
natural biogenic surface films are higher than those derived
from SAR images of the artificial OLA slicks (compare Fig-
ure 11 as well as Figure 4, Figure 6, and Figure 7). This result
may be due to a larger fraction of biogenic substances of

strong damping capabilities within the natural surface films.
Recently, Hiihnerfuss et al. [1996] showed that the damping
behavior of natural biogenic surface films could successfully
be simulated by a quasi-biogenic slick consisting of palmitic
acid methyl ester (PME), which had been deployed with the
help of spreading solvents (PME exhibits a stronger damping
characteristic than OLA).

In the damping curves of biogenic surface films a typical
minimum at intermediate Bragg wavenumbers (C band) was
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Figure 17. Polarization signatures calculated from SAR images of the second German surface film
experiment shown in Figure 8 for (left) a slick-free water surface and a water surface covered with (middle) a
monomolecular TOLG slick and (right) a mineral oil spill (IFO). During this surface film experiment the wind

conditions were high (12 m/s). The upper signatures

were calculated from the L-band SAR images, and the

lower signatures were calculated from the C-band SAR images. The x-, y-, and z-axes denote ellipticity angle,
orientation angle, and normalized intensity of the microwaves (see text).
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Figure 18. Polarization signatures calculated from SAR images of marine surface films in the Eastern Pacific
Ocean, off the Mexican coast for (left) a slick-free and (right) a slick-covered water surface. From the SAR
image (not shown herein), low to moderate wind conditions can be inferred (up to ~ 7 m/s). The upper two
signatures were calculated from the L-band SAR images and the lower two signatures from the C-band SAR
images. The x-, y-, and z-axes denote ellipticity angle, orientation angle, and normalized intensity of the

microwaves (see text).

found. This minimum coincides with a corresponding mini-
mum (theoretical) SNR at C band. Biogenic surface films ex-
hibit very strong damping characteristics over the whole
Bragg wavenumber range (which have already been measured
using an airborne scatterometer [Hiihnerfuss et al, 1996]).
Therefore the observed minima are very likely caused by in-
strumental limitations of the SAR system; that is, the signal-
to-noise ratio of SIR-C/X-SAR is too low for measuring high
damping ratios, even at low wind speeds. In the case of natu-
ral slicks covering large sea areas, surfactants are known to
prevail not only within the slicks, but also in the surface areas
between [Hiihnerfuss et al., 1977; Espedal et al., 1995].
Therefore low C-band damping ratios may also be due to a
reduced contrast of the damping behavior of the slick-covered
and slick-free surface areas. Results from airborne SAR
measurements (which are comparable to the damping ratios
measured by SIR-C/X-SAR (P. Fischer, personal communica-
tion, 1996)) are expected to give further insights into this
problem.

The results presented herein are in agreement with those
presented by Neville et al. [1984], who also found lower
damping ratios at L band than at X band from their SAR im-
ages of marine oil spills. It should further be stressed that the
damping ratios of biogenic and anthropogenic surface films
are comparable at C band, which unfortunately is the radar
band of the ERS-1 and ERS-2 SARs.

In Figure 16, Figure 17, and Figure 18, L- and C-band co-
polarization signatures are shown, which were calculated
from SIR-C SAR images of different marine surface films.
The aim of these studies was to find out whether or not any
differences in the polarization signatures may help to dis-
criminate between different kinds of surface films.

In Figure 16, all polarization signatures show large values
of the polarization ratio (i.e., the relative maximum at their
front side). Assuming radar backscattering from a slightly

roughened ocean surface (Bragg scattering), these values
should be smaller (see the examples shown by Zebker and van
Zyl [1991]). This implies that Bragg scattering is not the only
backscattering mechanism and that specular reflection also
gives an impact on the backscattered radar signal at small in-
cidence angles (lower than 30°). This can also explain the
relatively small damping ratios obtained from the SAR images
of the Japanese surface film experiments, however, low
damping measured at higher incidence angles cannot be ex-
plained yet.

The shape of the polarization signatures shown in Fig-
ure 17 is typical of radar backscattering from a rough surface.
Therefore, following the above argument, it can be inferred
that Bragg scattering dominates the radar backscattering at
intermediate incidence angles (here 46.5°). As for the calcu-
lated damping ratios, a discrimination between the different
surface films, particularly between the biogenic slicks and the
mineral oil spill, is not possible for high wind conditions us-
ing polarimetric studies.

The polarization signatures obtained from SAR images
which were acquired at low incidence angles (lower than 30°,
Figure 16 and Figure 18) are similar for a slick-free water sur-
face. Again, we delineate from these results that specular re-
flection plays an important role at low incidence angles. How-
ever, for a film-covered water surface significant differences
have been observed, which may be due to the lower wind
speed in the case of the surface film detected in the eastern
Pacific (see Figure 18; the wind speed is estimated to be lower
than 5 m/s). It can be inferred from Figure 18 and from the
other results discussed herein that, firstly, the fraction of
specular backscattering in this case is higher at C band than at
L band and, secondly, that from a slick-covered water surface
the backscattered radar signal reaches the noise floor both at L
and C band, which results in an increase in the pedestals. The
latter result can explain that the analyses of SAR images of
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biogenic surface films yields lower damping ratios at C band
than those measured by a scatterometer [Hiihnerfuss et al.,
1996]. However, assuming a very thick oil film, multireflec-
tion of the radar beam within the oil layer may also lead to an
increase in the pedestal and can therefore also explain the ob-
_served differences in the polarization signatures.

5. Conclusions

During the two SIR-C/X-SAR missions in 1994, various
surface film experiments were performed in order to investi-
gate whether or not SIR-C/X-SAR is capable of discriminat-
ing between biogenic and anthropogenic oceanic surface
films. For this purpose a well-defined surface-active sub-
stance, oleyl alcohol (OLA), was deployed on the ocean sur-
face under different environmental conditions, particularly
different wind speeds. We found that the measured damping
ratios, i.e., the ratios of the backscattered radar power from a
slick-free and a slick-covered water surface, at L, C, and
X band strongly depend on the wind, that is, they decrease
with increasing wind speed. This effect may be explained by
means of the source terms of the spectral action, i.e., by the
influence of the surface film on wind input, wave breaking,
and nonlinear wave-wave interaction.

The different damping behavior of OLA measured at mod-
erate wind speeds (~ 5 m/s) during the surface film experi-
ments in the North Sea and around Japan may be caused by
the different deploying techniques during the experiments and
thus by a different morphology of the OLA film resulting in
different damping capabilities. However, the influence of the
surface film on the generation of bound Bragg waves by steep
gravity waves may also explain higher damping ratios which
were observed during the German experiment. Moreover, the
radar look direction relative to the wind direction was differ-
ent during the various surface film experiments (e.g., the SAR
was looking approximately downwind and almost upwind
during the first and second German surface film experiments,
respectively). Parallel to the shuttle overflights, radar
backscatter measurements with an airborne scatterometer were
carried out in the German Bight during both shuttle missions
[Gade et al., 1998b]. The results of these measurements give
rise to the conclusion that the damping ratios are independent
of radar look direction relative to the wind direction (i.e., on
the azimuth angle), which was explained by Gade et al
[1998b] by two different effects: first, by the isotropy of the
viscous damping (both on a slick-free and a slick-covered
water surface) and second, by the fact that the influence of the
slick coverage on the other source terms (like the energy input
by the wind) may not depend on the azimuth angle. If these
source terms dominate in (9), the measured damping ratios
have to be independent of antenna look dire ction.

Furthermore, several SIR-C/X-SAR images of various bio-
genic and anthropogenic surface films at different places of
the world’s oceans were analyzed. It was shown that biogenic
(natural) surface slicks cause a strong damping at L band,
whereas anthropogenic (mineral) oil spills cause only low L-
band damping ratios. At C and X band the observed damping
ratios are similar, which, particularly at C band, is obviously
due to an insufficient signal-to-noise ratio of the SIR-C/X-
SAR system (see the dashed lines inserted into the figures).
The presented results, however, show that multifrequency
SAR imagery yields more reliable information about the
damping characteristics of oceanic surface films, which, in
turn, is needed for a better discrimination between different
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kinds of surface films, particularly under low to moderate
wind conditions.

Polarimetric studies were performed using multipolariza-
tion L- and C-band SAR images of various oceanic surface
films. It was found that the copolarization signatures for film-
free and film-covered water surfaces are similar in most cases
and for both radar bands. However, a significant change of the
shape of the polarization signatures caused by the presence of
a marine surface film was observed for SAR images acquired
over the eastern Pacific. This change may be due to a high
noise portion; that is, the SNR is too low, and the radar signal
from a film-covered water surface may reach the noise floor.
It can be concluded from the polarimetric studies that these
analyses are less useful for the discrimination of biogenic and
anthropogenic marine surface films. Nevertheless, the ob-
tained information about the scattering mechanism is useful
for the interpretation of the observed data.

Summarizing, we have shown that multifrequency/mul-
tipolarization SAR imagery is advantageous for detection of
oceanic surface films; that is, important additional informa-
tion can be inferred from these SAR data. The evidence shows
that under low to moderate wind conditions, multifrequency
radar techniques are capable of discriminating between the
different kinds of surface films (particularly in combination
with improved slick detection algorithms), whereas at high
wind conditions a discrimination (on a basis of damping
measurements) is impossible.
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