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On the Reduction of the Radar
Backscatter by Oceanic Surtace Films:
Scatterometer Measurements and Their
Theoretical Interpretation

Martin Gade,* Werner Alpers,” Heinrich Hiihnerfuss,!
Volkmar R. Wismann,} and Philipp A. Lange’

D uring the two SIR-C/X-SAR missions in 1994, sur-
face film experiments were performed in the North Sea
with a 5-frequency/multipolarization scatterometer flown
on a helicopter, in order to investigate the reduction of the
radar backscatter in the presence of quasibiogenic and
anthropogenic sea surface films, particularly, at different
wind speeds. Under all wind conditions encountered in
this study, the measured damping ratio (i.e., the ratio of
the radar backscatter from a slick-free and a slick-cov-
ered water surface) increases with increasing Bragg wave-
number. It is shown that not only Marangoni damping
theory, but also wind-induced effects, primarily the en-
ergy input by the wind into the wave spectrum, also have
to be taken into account. The reductions measured at low
to moderate wind speeds (3.5—4 m/s and 5 m/s) are quali-
tatively explained by means of a comparison of the differ-
ent source terms of the action balance equation. For the
case of high wind speed (12 m/s) a theoretical model for
the damping ratios is developed. Using this model, the
experimental data can well be reproduced, and the ab-
sence of the Marangoni damping maximum at intermedi-
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ate Bragg wavenwmbers (approximately 100 rad/m) can be
interpreted. Furthermore, the model can explain the simi-
larities between the radar backscatter reductions measured
over quasibiogenic and anthropogenic surface films under
high wind conditions. OElsevier Science Inc., 1998

INTRODUCTION

The damping of short gravity-capillary ocean surface waves
by biogenic and anthropogenic surface films consisting of
surface-active components and by mineral oil, respec-
tively, is a well-known phenomenon and has been subject
of various investigations (Lucassen-Reynders and Lucas-
sen, 1969; Hiihnerfuss and Garrett, 1981; Lucassen,
1982; Hiihnerfuss, 1986; Ermakov et al., 1986; Alpers
and Hiihnerfuss, 1988; 1989; Lombardini et al., 1989;
Wu, 1989; Wei and Wu, 1992; Frysinger et al., 1992; On-
stott and Rufenach, 1992; Hithnerfuss et al., 1994; 1996;
Gade et al., 1998a,b,c; Wismann et al., 1998; V. Wis-
mann, personal communication, 1993). At intermediate
incidence angles (between 20° and 75°), these surface
waves are responsible for the backscattering of micro-
waves of comparable wavelengths [Bragg scattering, see
Valenzuela (1978)] and, thus, wave damping by oceanic
surface films causes a reduction of the measured radar
backscatter. For this reason, dark patches visible on syn-
thetic aperture radar (SAR) images of the ocean surface
can often be related to oil spills or natural slicks floating
on the sea surface. However, they can also be caused,
for example, by atmospheric effects like wind shadowing
or tropical rain cells (see Alpers, 1995; Melsheimer et al.,
1998). Taking into account the characteristic shape of
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Table 1. Parameters of the HELISCAT System*

Scatterometer type
Antenna type
Polarization

Superheterodyne Doppler Scatterometer
Parabolic dish, 96 ecm&
HH, HV, VV, VH

Nominal flight altitude (m) 150
Nominal ground speed (m/s) 50
Nominal incidence angle range (°) 23-65
Pulso repetition frequency (kHz) 40
Radar Band

L S C X Ku
Frequency (GHz) 1.0 2.4 5.3 10.0 15.0
Output power (mW) 150 100 40 10 10
Antenna beamwidth (2-way; 3 dB) (°) 17.0 7.1 3.2 1.7 1.1
Minimum/maximum footprint 53.1X24.4 22.0%10.1 9.9%4.6 5.3X2.4 3.4X1.6
Dimensions (mXm) 128.9X37.4 57.7X15.5 23.2X7.0 12.3X3.7 8.0X2.4
Bragg wavenumber range (rad/m) 14.3-38.0 37.7-91.1 86.1-199.8 163.7-380.0 245.5-569.4
Bragg wavelength range (cm) 43.9-16.5 16.7-6.9 7.3-3.1 3.8-1.7 2.6-1.1

“The minimum/maximum dimensions of the radar footprint have been calculated assuming incidence angles of 23° and 53°, respectively, which

were the minimum/maximum values during the present investigation.

these dark patches automatic slick detection algorithms
have recently been developed for using the 5.3 GHz (C
band) SAR aboard the European Remote Sensing Satel-
lites (ERS-1 and ERS-2) for operational oil spill surveil-
lance (Wahl et al., 1994; Pellemans et al., 1995).

The thickness of a mineral oil spill is much larger
than that of a monomolecular sea slick, which results in
different viscoelastic properties and, therefore, in a dif-
ferent damping of the ocean surface waves (see, e.g.,
Alpers and Hiihnerfuss, 1988; 1989). Several experiments
have been performed with natural and artificial sea slicks
on the open ocean and in laboratory wind wave tank
facilities in order to investigate the specific damping be-
havior of surface-active substances [see Gade et al.
(1998b) and literature cited therein]. The results of the
laboratory experiments showed that Marangoni damping
(Lucassen-Reynders and Lucassen, 1969; Cini and Lom-
bardini, 1978; Alpers and Hiihnerfuss, 1989) is the domi-
nant mechanism for the damping of short sinusoidal grav-
ity waves by monomolecular slicks (Hithnerfuss, 1986).
Following Marangoni damping theory, monomolecular
surface films exhibit a resonancelike damping behavior,
whereas this damping maximum is absent for (thick)
mineral oil spills.

Since a single-frequency radar system (like the C
band SAR aboard the ERS-1) can provide information
on the damping of ocean surface waves at only one fre-
quency, multifrequency radar techniques have already
been used to obtain more reliable information on the
damping behavior of the detected surface films (Bentz,
1980; Singh et al., 1986; Okamoto et al., 1993; Gade et
al.,, 1998b; Wismann et al., 1998; V. Wismann, personal
communication, 1993). However, during recent field ex-
periments with artificial monomolecular surface films in
the German Bight of the North Sea, a distinct damping
maximum at intermediate wavenumbers (of about 100

rad/m) was not measured (V. Wismann, personal com-
munication, 1993; Gade et al., 1998b). This can be ex-
plained by means of additional energy fluxes at the water
surface, like the energy input by the wind, wave break-
ing, and nonlinear wave—wave interaction (Hasselmann,
1962, 1963a,b; Phillips, 1977). Thus, additional terms de-
scribing the above energy fluxes have to be taken into
account for the development of theoretical models which
can explain the damping of small ocean surface waves by
different surface films.

During the two Spaceborne Imaging Radar C/X
band Synthetic Aperture Radar (SIR-C/X-SAR) missions
in April and October 1994, surface films of different vis-
coelastic properties were deployed in the German Bight
of the North Sea, in order to simulate different biogenic
and anthropogenic ocean surface films. The aim of these
experiments was to investigate whether active microwave
techniques are capable of yielding information about the
damping behavior of 1) surface films of different visco-
elastic properties and 2) one surface-active substance un-
der different environmental conditions. SAR images of
the surface films were taken from the 3-frequency/multi-
polarization SAR aboard the space shuttle Endeavour. In
parallel, we performed a total of 125 overflights to obtain
radar backscatter measurements over the same sets of sur-
face films with a 5-frequency/multipolarization scattero-
meter flown on a helicopter (called HELISCAT). In this
article, we present the results obtained by HELISCAT,
whereas the results of the analyses of the SAR images
are summarized in Gade et al. (1996, 1998b). In addi-
tion, we include data which were obtained by HELIS-
CAT during a second measurement campaign in April
1994, also in the German Bight of the North Sea.

After a description of the HELISCAT system and
of the experimental conditions in the next section, the
theoretical background is summarized in the third sec-
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Table 2. Absolute Values and Phases of the Dilational
modulus E=—|E| exp(if) for the Substances Deployed
in the Dedicated Field Experiments

|E| 0
Abbreviation Substance (Nm™)  (deg)
OLA Oleyl alcohol 0.0255 -175
OLME Oleic acid methyl ester 0.0100 -5
TOLG Triolein 0.0115 —175

“ The estimated errors for the absolute values are better than +20%
and for the phases =2°. For a detailed description of the dilational
modulus and the method of measuring both parameters the reader is
referred to Hiithnerfuss (1986).

tion. The results obtained during the measurement cam-
paigns are presented in the fourth section. The fifth sec-
tion includes a discussion of the results and a simple
model which has been developed in order to explain the
measured reductions of the radar backscatter by the sur-
face films at high wind speeds. Finally, a conclusion is
given in the sixth section.

EXPERIMENTAL SETUP

HELISCAT System

HELISCAT (HELIcopter SCATterometer) was devel-
oped and built at the University of Hamburg and is
flown on a Messerschmidt-Bolkow—Blohm BO-105 heli-
copter. It operates at 1.25 GHz, 2.4 GHz, 5.3 GHz, 10.0
GHz, and 15.0 GHz (L, S, C, X, and Ku band, respec-
tively) and is capable of performing radar backscatter
measurements quasi-simultaneously at the four polariza-
tion combinations VV, VH, HH, and HV (the first and
the second letters denote the polarization of the trans-
mitted and of the received microwave, respectively; V
means vertical and H horizontal polarization). HELI-
SCAT uses a single broad-band antenna both for trans-
mission and reception. The antenna is aft-looking and
can be tilted mechanically in such a way that the nominal
incidence angle covers the range between 23° and 65°.
The effective incidence angle, particularly at L and S
band, is smaller than the nominal incidence angle by a
few degrees (for the calculation of the effective inci-
dence angle the antenna beam geometry has to be taken
into account). By using different radar frequencies and
by varying the incidence angle, HELISCAT covers a
Bragg wavenumber range (see below) between 16 rad/m
and 569 rad/m. The system parameters of HELISCAT
are given in Table 1.

Since only the ratio of the backscattered radar power
from a slick-free and a slick-covered water surface is of
interest in the present investigation (see below), HELI-
SCAT was not absolutely calibrated [thus yielding the
relative backscattered power (RBP) instead of the nor-
malized radar cross section (NRCS)]. For the calculation
of the mean relative backscatter from slick-free and slick-
covered sea surfaces sections of the backscatter time se-

ries from each run were taken (each consisting of 20-70
data points, depending on slick dimensions and flight di-
rection). Only data with a signal-to-noise ratio exceeding
3 dB (measured over the slick-covered areas) have been
used, in order to avoid any influence of the instrumental
noise on the obtained results. The measured damping ra-
tio used in the present investigation is the ratio of the
mean relative backscatter from a slick-free and a slick-
covered water surface.

Surface Film Experiments

According to the analyses of Hunter and Liss (1981) nat-
ural surface films mainly consist of fats, carbohydrates,
proteins, sterols, and fatty acids, with a hydrophobic alkyl
chain (preferentially with a length between C,, and Cy)
and a hydrophilic head group. Typical of natural surface
films are Cjs and Cys components (e.g., Hiithnerfuss et
al., 1982; Hiihnerfuss, 1986); hence, these derivatives
were used in the experiments reported herein to produce
quasibiogenic surface films.

Quasibiogenic substances, like oleyl alcohol, oleic acid
methyl ester, and triolein (abbreviated as OLA, OLME,
and TOLG, respectively, see Table 2), form monomolec-
ular surface films which are well suitable to simulate
slicks of natural origin. Since the specific damping char-
acteristics of OLA are best known from several former
wave damping experiments [see Gade et al. (1998b) and
literature cited therein], this substance was used in each
of the dedicated experiments, thus allowing to study the
dependence of the damping behavior of one particular
substance on environmental conditions, particularly on
the wind speed.

All surface film experiments reported herein were
performed in the German Bight of the North Sea. The
first experiment took place on 18 April 1994, between
04:54 UTC and 05:52 UTC, west of the island of Sylt.
Before the HELISCAT measurements started, 120 liter
OLA were thrown as frozen chunks from a (second) heli-
copter onto the sea surface. While these chunks were
melting, OLA spread on the water surface in such a way
that an area of approximately 0.5 km?® was covered by
this quasibiogenic slick. A wind speed of 5 m/s was en-
countered, a moderate wind speed at which a strong
damping by OLA occurs, since Marangoni wave damping
is still more important than the wind input. SIR-C/X-
SAR images of the OLA slick were acquired at 05:26
UTC (Gade et al., 1998b). The change of the damping
behavior within the first minutes after the slick deploy-
ment was already investigated by Hiihnerfuss et al.
(1996); we therefore concentrate herein on the results
obtained after the slick was fully spread.

A second experiment was performed on the same
day, between 08:31 UTC and 09:56 UTC, northeast of
the German island of Heligoland (at a distance of about
70 km from the former test site). Meanwhile, the wind
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Table 3. Position of the Dedicated Surface Film Experiments, Environmental Conditions (Wind Speed Uy, Air Temperature
T,, Sea Surface Temperature SST'), and Times for Slick Deployments and Radar Backscatter Measurements"

Time/ Time/
Uy T, SST Dep loyment Measurement
Position (m/s) (°C) (°C) (UTC) Substance (UTC) Runs

18 April 1994, Sylt

54°54'N; 7°50'E 5 3.3 7 04:15-04:55 OLA (120 L) 04:54-07:52 15

18 April 1994, Heligoland

54°17'N; 8°00'E 3.5-4 6.1 7 07:30-08:15 OLA (120 L) 08:31-09:56 18
6 October 1994, Sylt

54°58'N; 7°45'E 12 11.0 12 04:40-0645 OLA (220 L) 08:58-09:51 24

OLME (60 L) 11

TOLG/p (160 L) 14

TOLG/ (20 L) 6

IFO 180 (200 L) 25

“ Also listed are the deployed substances (see Table 2; the abbreviations TOLG/p and TOLG/d denote triolein deployed as pure and dissolved
substance, respectively) and the number of overflights with HELISCAT (runs).

speed had decreased from 5 m/s to 3.5-4 m/s. In addi-
tion to an OLA slick (again, consisting of 120 L of oleyl
alcohol), four slicks consisting of quasibiogenic sub-
stances which were dissolved in the solvents ethanol and
n-hexane were deployed from a small vessel. An exten-
sive analysis of the results obtained from these slicks was
already presented by Hiihnerfuss et al. (1996); therefore,
only the results obtained from the (pure) OLA slick will
be discussed herein.

During the second SIR-C/X-SAR mission on 6 Octo-
ber 1994, another surface film experiment took place
west of the island of Sylt. In addition to 220 L of OLA
(which were again deployed on the water surface by
means of frozen chunks) a total of 180 L triolein (TOLG)
and 100 L oleic acid methyl ester (OLME) were de-
ployed both as pure substances (i.e., as frozen chunks)
as well as dissolved in solvents ethanol (OLME) and
n-hexane (OLME and TOLG). Furthermore, 200 L of
mineral oil (abbreviated as IFO 180) were deployed from
board an oil recovery ship.

The condition of a slick may be readily ascertained
since its optical properties are very pronounced when
viewed from a high elevation made possible by the heli-
copter. At the sea surface encountered, we know from
past experiments that newly spread films reach an equi-
librium state after 30-40 min. Shortly before the shuttle
overflight, at about 07:00 UTC, an atmospheric front
passed the area so that the wind speed increased from 6
m/s to 12 m/s. Due to a technical defect, HELISCAT
measurements could be performed not earlier than 08:58
UTC (and lasted until 09:51 UTC). However, continuous
air surveillance conformed that most of the surface films
were not yet destroyed (particularly those films con-
sisting of pure substances) and an adequate data set
could be obtained. The SIR-C/X-SAR images of the test
site taken at 07:12 UTC at L, C, and X band, VV polar-
ization, are shown in Figure 1 (adopted from Gade et
al., 1998b).

The experimental conditions, like location and times
of slick deployment and HELISCAT measurements, air
and sea surface temperature, substances and number of
overflights, are listed in Table 3.

BASIC THEORY

Marangoni Damping

The damping of small gravity and gravity-capillary (sinu-
soidal) water waves by monomolecular surface films can
be explained by Marangoni damping theory (Lucassen-
Reynders and Lucassen, 1969; Lucassen, 1982; Hiihner-
fuss, 1986; Alpers and Hiihnerfuss, 1989). According to
this theory, the dependence of the damping ratio y(k),
that is, the ratio of the viscous damping coefficients for
slick-covered and for a slick-free water surface, A, and A,,
respectively, on the wavenumber k of the water surface
waves can be approximated by the following expression:

As.(k):1+X(cos f—sin 0)+XY—Y sin 6

y(k) (1)

A 1+2X(cos O—sin 0)+2X2
with
TS
V2winp 4nw

Here |E| and 6 denote the absolute value and the phase
of the complex dilational modulus E=—|E| exp(if) of the
surface film, respectively, and w=(gk+7k%)"* is the angu-
lar frequency of the water surfce waves [for a detailed
discussion on the parameters “magnitude and phase of
the dilational modulus” the reader is referred to Hiithner-
fuss (1986)]. The parameters # and p denote the dynamic
viscosity and the density of the water, respectively, 7 is
the ratio of the water surface tension and density, and ¢
is the acceleration of gravity. The rheological parameters
|E| and @ of the deployed substances were taken from
Hiihnerfuss (1986) and are summarized in Table 2.



56  Gade et al.

Flight
—>
Look

Figure 1. SIR-C/X-SAR images of the second surface film experiment in the German Bight showing
surface films consisting of a) IFO 180, b) OLA, ¢) OLME, d) TOLG, e,f) TOLG and OLME, re-
spectively, spread with the help of n-hexane, and g) OLME spread with the help of ethanol. The
bright spot at the lower end of the OLA slick is due to an oil surveillance ship. The images were
acquired at L-, C-, and X-band, VV polarization, on 6 October 1994, at 07:12 UTC (dimensions

12 km by 4 km). (Images courtesy of NASA and DUR.)
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These parameters were determined by measuring the
viscous damping coefficients A; and A, in wind-wave
tank experiments with mechanically generated waves
(Hithnerfuss, 1986). Although the resulting damping co-
efficients are not very exact (and thus the parameters |E|
and 0), they are at present the best values to use in our
investigation [the relative error of the damping coeffi-
cient y(f) is estimated to be better than 20%, which is
sufficient for this study]. Inserting these parameters into
Eq. (1) and setting 7=7.3X107° m%s*, g=9.81 m/s’
p=1000 kg/m?®, and #=0.001 Pa s, the theoretical damp-
ing curves shown in Figure 2 were calculated.

Bragg Scattering

During the experiments reported herein, measurements
of the radar backscattering were performed at intermedi-
ate incidence angles (between 20° and 53°). For these
incidence angles, the radar backscattering from the water
surface can be described, to first order, by Bragg scatter-
ing theory (Wright, 1968; Valenzuela, 1978). According
to this theory, the normalized radar cross section (NRCS)
is proportional to the spectral energy density of the
Bragg waves, that is, of those surface waves of wavenum-
ber kj; that obey the Bragg resonance condition

kB:2k0 sin {}, <2>

where k, denotes the radar wavenumber and ¥ the inci-
dence angle. For a slick-free water surface the NRCS g,
can be written as

with
T;=lg;|"167k§ cos* 9,

where W(=k;) is the spectral power density of the Bragg
waves with wavenumber kz. The function |g;|* depends
on radar wavenumber, dielectric constant ¢ of the water,
incidence angle, and polarization (ij=HH, VV, HV, and
VH). The thickness of a surface film (either a mono-
molecular slick or a thin oil spill) is small compared with
the penetration depth of microwaves into the water;
therefore, we may assume that the Bragg coefficient T}
is not affected by the presence of a thin surface film,
that is,

1y=T). )

where the superscripts (0) and (s) denote a film-free and
a film-covered water surface, respectively. For an explicit
expression of T; the reader is referred to, for example,
Valenzuela (1978).

Source Terms in the Action Balance Equation

One of the goals of the present experiments was to in-
vestigate the influence of environmental conditions (par-
ticularly of the wind speed) on the damping characteris-
tics of the same substance (OLA). The impact of the
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wind speed on the damping behavior can be explained
by means of the corresponding source term in the action
balance equation (Hasselmann, 1962; 1963a,b):

O=%=Swi+snl—srd—8br, <5)
where N=w/k-¥ is the spectral action density of the wa-
ter surface waves, and S,;, S, S.., and S;, are the source
terms of energy input by the wind, by nonlinear wave—
wave interaction, and of energy loss by viscous dissipa-
tion and wave breaking, respectively. An expression for
the source term of viscous dissipation can be found, for
example, in Phillips (1985) as

Si=2A1c,Ni(k), (6)

where ¢, is the group velocity of the water waves and
ie€{0;s). The viscous damping coefficient for a slick-free
water surface, 4,, can be found, for example, in Phillips
(1977):

Ao:anz- (7)

plg+37k?)

Using Eqs. (1) and (7), the viscous damping coefficient
for a slick-covered water surface, A,, can be expressed as
A=y(k)-A,. The source term for the wind input was
given, for example, by Plant (1982) and Mitsuyasu and
Honda (1982):

Si=B"-Ni(k), (8)
with

(i)\2
Bi=M(cos qo)gf’(u*) w,
C

where ¢ is the angle between the wind and wave direc-
tion, u.is the wind friction velocity, and ¢ is the phase
velocity of the water waves. The parameters M and p are
usually set to 0.04 and 0.5, respectively (Plant, 1982).
The friction velocity on a slick-free water surface, u?
can be set as 3.5% of the wind speed, Uy, (Wu, 1975).

In laboratory measurements, Mitsuyasu and Honda
(1982) found that the coverage of the water surface by
a surface film causes reductions of the friction velocity by
up to 32%. In similar experiments, Gade et al. (1998a)
found reductions between 35% and 52% (the differences
between both results may be due to a different experi-
mental setup and to the application of different chemical
compounds). During field experiments with natural sur-
face films, Wei and Wu (1992) measured reductions of
the friction velocity between 3% and 16%. During the
SAXON-FPN campaign in 1990, a reduction of the fric-
tion velocity of 30% due to an OLA slick was measured
(S. Stolte, personal communication, 1991). Since these
experimental conditions were most comparable to those
of the experiments reported herein, we assume an aver-
age reduction of the friction velocity by about 30%, that
is, Eq. (9):

>
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=0.7-u. (9)

Combining Egs. (3), (5), (6), and (8), we obtain the fol-
lowing expression for the damping ratio, that is, the ratio
of the normalized radar cross sections of a slick-free and
a slick-covered water surface,
O-EI(»_LP(I(k) Ny(k ﬂ 2Ac, Snl Sb‘z]
0'8) Y, (k) Nyk) ﬁo ZAOC Snl Sbr.

(10)

Using the results obtained in the present experiments,
we will show that, under high wind conditions (Uj,>10
m/s), the damping ratio can successfully be simulated by
taking into account also the source term of wave break-
ing. However, we will first use Eq. (10) for some qualita-
tive analyses.

RESULTS

In this chapter the results of the three experiments per-
formed with HELISCAT in April and October 1994 are
presented. On 18 April 1994, we performed measure-
ments not only with pure OLA slicks. However, for the
aim of the analyses presented herein, only data obtained
from these slicks are used. A detailed discussion of the

remaining data set can be found in Hiihnerfuss et al.
(1996).

Damping Ratios of OLA at Moderate Wind

Speed (5 m/s)

On 18 April 1994, radar backscatter measurements were
performed at moderate wind speed (5 m/s) over a mono-
molecular surface film consisting of OLA. Overflights
over the slick-covered water surface took place in such

a way that the (aft-looking) antenna was looking upwind,
downwind, or crosswind (i.e., the flight direction relative
to the wind direction were parallel, antiparallel, or or-
thogonal, respectively). The measured damping ratios are
shown in Figure 3. In panel a the data are discriminated
by antenna look direction and in panel b by radar polar-
ization. For a better visualization we have refrained from
including error bars; however, the calculated errors usu-
ally are better than 3 dB. The horizontal bars added into
both panels (and in any of the following plots of the
measured results) denote the Bragg wavenumber ranges
covered by the different radar bands of HELISCAT (see
Table 1).

The scatter of the data is large, and it is obvious that
no significant dependence of the measured damping ra-
tios was observed for antenna look direction or for radar
polarization. Furthermore, no distinct damping maximum
at intermediate Bragg wavenumbers, as predicted by
Marangoni damping theory (see Fig. 2), was measured.

Damping Ratios of OLA at Low Wind
Speed (3.5-4 m/s)
A second experiment was carried out on 18 April 1994,
again, with a monomolecular surface film consisting of
OLA. The measured damping ratios determined in the
presence of this slick at low wind speed (3.5-4 nVs) are
depicted in Figure 4. Again, no significant dependence
was found for antenna look direction (not shown herein)
or for radar polarization (see Fig. 4).

For Bragg wavenumbers lower than about 80 rad/m
the damping ratios are comparable to those measured at
moderate wind speed (see Fig. 3). However, at high Bragg

Figure 3. Damping ratios as a function of Bragg wavenumber measured by HELISCAT over the OLA slick
at moderate wind speed (5 m/s). The data are sorted by antenna look direction relative to the wind direction
(panel a) and by the polarization (panel b). The horizontal bars at the bottom of each panel denote the
Bragg wavenumber coverage by the different radar bands [see Eq. (2) and Table 1].

30 L ! i L v ' ] 30 [ ! ! | L ' ' L
E | A upwind ] t |0 HH ]
25’[‘ v downwind a 8 4 25F|A HV 8 ]
E |0 crosswind ] L |lo VV ]
~ F B
Z 20f A 2 4 20F|v vH g8 .
= i MB 1 i 8 ]
£ 15F 5 & 4 I5F g .
g - % ] - é ]
210} o £4 1 0} g :
g‘ %9 ] - § ]
3 Sf g yAY 4 1 st Q oA .
O ':_ j)\ 1 0 E_ ——ﬂ-_ I :
E L S C X Ku i L S C X Ku
o N T | . | P [ | L P BT | | L N
10 50 100 500 10 50 100 500

Bragg wavenumber [rad/m]

Bragg wavenumber [rad/m]



30 LA o T
L | o HH o
25F(a HV gg § 3
o VV o 8 o
20F|v vH g 0 .
[ O

15:— 0

L) ><D
ol ]

damping ratio [dB]

102. B N
ot §»ﬂ§

S C X Ku

. P R |
10 50 100
Bragg wavenumber [rad/m]

]
500

Figure 4. Same as Figure 3, but the damping ratios
were measured at low wind speed (3.5-4 m/s).

wavenumbers (k;>80 rad/m), we measured a stronger
damping of the radar backscatter than in the previous
experiment (e.g., at moderate wind speed the maximum
measured damping ratios at kz=200 rad/m are less than
20 dB, whereas they are almost 30 dB in the case of low
wind speed). Moreover, the scatter of the data is also in-
creased at high Bragg wavenumbers.

Damping Ratios of Various Substances at High
Wind Speed (12 m/s)

The experiment on 6 October 1994 took place at high
wind speed (12 nvs). Under these conditions (and, par-
ticularly, taking into account that the measurements were
performed more than 2 h after the slick deployment), we
cannot assume that all of the slicks on the water surface
were still coherent. Thus, the measured data exhibit a
large scatter, depending on the part of the (meanwhile
elongated) slicks which was overflown by the helicopter.
In order to overcome any difficulties in explaining the
measured results, we subdivided the data into classes of
different (maximum) damping, that is, the data set of
each overflight (run) was related to one of the damping
classes “strong,” “medium,” and “weak,” depending on
the maximum damping ratio measured during this over-
flight. We are aware that this discrimination, particularly
the chosen limits between the different damping classes,
is arbitrary. However, it can be assumed that only in the
“strong” damping parts were the surface films not dis-
rupted, whereas in the “medium” and even “weak” damp-
ing parts (small) holes may have been produced by the
action of wind and waves. Thus, a classification must be
made, in order to allow for a comparison with the above
results obtained during the former experiments. Again,
no significant dependence was found for antenna look di-
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rection or for polarization for the whole data set obtained
during these measurements.

The results for the OLA slick are shown in Figure 5.
The solid line denotes theoretical values which were cal-
culated using the model described in the next chapter.
Directly before the SIR-C/X-SAR images were taken, an
oil recovery ship sailed through the OLA slick (see Fig.
1). Therefore, this slick was additionally tattered which
results in a strong scatter of the measured damping ratios
shown in Figure 5 (particularly of the “weak” damping
parts shown in panel ¢). Three damping classes were de-
fined (i.e., “strong,” “medium,” and “weak”; see panels a,
b, and ¢, respectively) with limiting (maximum) damping
ratios of 20 dB and 15 dB. The “strong” damping parts
(with a maximum damping above 20 dB) show a mono-
tonic increase in the damping ratios which is in accor-
dance with the above presented results for OLA. How-
ever, we measured lower damping ratios than for the
cases of moderate and low wind speed, particularly at
high Bragg wavenumbers (see Figs. 3 and 4, respec-
tively). The backscatter reductions measured over the
“medium” damping parts (panel b) also show a mono-
tonic increase in the damping ratios with Bragg wave-
number. For the “weak” damping parts (panel c) an in-
crease in the damping ratios was measured only at low
Bragg wavenumbers (up to about 90 rad/m), whereas no
increase in the damping ratios was found at intermediate
and high Bragg wavenumbers (k,>90 rad/m).

The results for the OLME slick are shown in Figure
6 (the solid line corresponds to theoretical values calcu-
lated with the model described below). Only two damp-
ing classes were chosen, because of the overall low damp-
ing capabilities of OLME (see the theoretical damping
curves shown in Fig. 2). The measured damping behav-
ior is comparable to that of OLA (Fig. 5): A monotonic
increase in the damping ratios was measured over the
“strong” damping parts, whereas the “weak” damping
parts show no increase at intermediate and high Bragg
wavenumbers.

The two surface films consisting of OLME dissolved
in solvents ethanol and n-hexane, respectively, had already
disappeared from the water surface when the HELISCAT
measurements started. Thus, no results for these particular
slicks could be obtained.

Two surface films consisting of TOLG (deployed as
pure substance and dissolved in n-hexane) had been de-
ployed on 6 October 1994. At the beginning of the HELI-
SCAT measurements (08:58 UTC), both surface films
could clearly be located and, therefore, damping mea-
surements could be performed over both slicks (how-
ever, only the pure TOLG slick remained on the water
surface for the whole measurement period).

The results for the pure TOLG slick are shown in
Figure 7 and those for the dissolved TOLG in Figure 8.
Both were subdivided into the three classes “strong,”
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Figure 5. Same as Figure 3, but the damping ratios were measured at high wind speed (12 m/s). The total

of data is subdivided into “strong” damping (panel a: maximum damping ratio larger than 20 dB), “medium”
damping (panel b: maximum damping ratio between 15 dB and 20 dB), and “weak” damping (panel c: maxi-
mum damping ratio up to 15 dB). Theoretical damping curves calculated using Eq. (15) are added into each
panel. The parameters m and An (describing the reduction of the friction velocity and of the wave breaking,

respectively; see text) are also inserted.

“medium,” and “weak” damping, corresponding to maxi-
mum damping ratios of more than 15 dB (panels a), be-
tween 10 dB and 15 dB (panels b), and less than 10 dB
(panels c), respectively. The two surface films consisting
of TOLG show the same qualitative damping behavior
in the “strong” damping parts (although fewer data were
obtained over the slick consisting of dissolved TOLG):
As already shown for OLA and OLME the damping ra-
tios are increasing with Bragg wavenumber (see panels a
of Figs. 7 and 8). Both data sets obtained over the “weak”
damping parts of the TOLG slicks (panels ¢ of Figs. 7 and
8) show comparably small damping ratios with a larger
scatter for the slick consisting of pure TOLG.

Finally, the results obtained from the mineral oil
(IFO 180) film are shown in Figure 9 (again, the limiting
damping ratios were chosen as 20 dB and 15 dB). In all
three cases (i.e., for the “strong,” “medium,” and “weak”
damping parts) the damping ratios increase monotoni-
cally with Bragg wavenumber, i.e., no kink at intermedi-
ate Bragg wavenumbers was measured. No constant
damping ratios at intermediate to high Bragg wavenum-
bers were observed over the “medium” and “weak” damp-
ing parts (see panels b and c¢ of Fig. 9). The “strong”
damping parts caused the highest damping ratios mea-
sured during this experiment (almost 30 dB at Ku band,
see panel a of Fig. 9).
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Figure 6. Same as Figure 5, but for OLME. The limit for the discrimination between “strong” and “weak”

damping (panels a and b, respectively) is 10 dB.

DISCUSSION

During the three experiments on 18 April and 6 October
1994, a large data set was obtained by HELISCAT. In
the first section of this chapter we qualitatively discuss
the measured damping ratios, primarily concentrating on
1) the wind speed dependence of the damping behavior
of the OLA slicks and 2) the comparison of the damping
ratios measured for the different surface films at high
wind speed (12 m/s). A simple model is developed for
the high wind speed case, in order to explain the mea-
sured damping ratios, particularly the absence of the
Marangoni maximum.

Qualitative Discussion of the Measured

Damping Ratios

Measurements with HELISCAT were performed over
OLA slicks under different environmental conditions (see
Table 3): First, the air and water temperatures were dif-
ferent and, second, the wind speed varied (and the wind
direction, which is not important, since for all measure-
ments the flight directions were chosen as up-, down-,
and crosswind).

During former measurements with HELISCAT, no
significant dependence of the damping behavior on wa-
ter temperature was found (Hiithnerfuss et al., 1994);
thus, we assume that the measured differences of the
damping behavior of OLA cannot be explained by the
different water temperatures. Furthermore, also the air
temperature should have no significant effect on the
damping ratios (despite its impact on the NRCS, which
is of no interest herein, since we have calculated ratios
of the relative backscattered power).

No dependence of the damping ratios on the polar-

ization of the microwaves was found, which is in accor-
dance with the assumption made in the subsection Bragg
Scattering that the Bragg coefficients should be indepen-
dent of slick coverage [see Eq. (4)]. Moreover, we found
no dependence of the damping ratios on the azimuth
angle (i.e., the angle between antenna look direction and
wind direction). Again, this is in accordance with other
results obtained by HELISCAT (Hiihnerfuss et al., 1994;
1996; Wismann et al., 1998; V. Wismann, personal com-
munication, 1993). This effect can be explained, first, by
means of the isotropy of the viscous damping (both on
a slick-free and a slick-covered water surface). Second,
other effects depending on the wind direction, like the
energy input by the wind, are reduced in the presence
of a slick. If we assume that this reduction does not de-
pend on the azimuth angle, the measured damping ratios
have to be independent of antenna look direction.

The damping ratios measured during the two experi-
ments on 18 April 1994, at wind speeds of 5 m/s (Fig.
3) and 3.5-4 m/s (Fig. 4) are similar for low Bragg wave-
numbers (k;<80 rad/m). However, for intermediate to
high Bragg wavenumbers a difference was observed: At
5 m/s wind speed (Fig. 3) the damping ratios are further
(but less strong) monotonically increasing, whereas an
abrupt increase at approximately 80 rad/m was measured
at 3.5-4 m/s wind speed, in combination with a large
scatter of the data (see Fig. 4).

One might suspect that instrumental parameters are
responsible for this observation, that is, for the different
wind dependence of the damping ratios for Bragg wave-
numbers below and above 80 rad/m, respectively. The
footprint size is the only parameter of the HELISCAT
system which might affect the measurement results in
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Figure 7. Same as Figure 5, but for pure TOLG. The data are subdivided into panel a: strong panel b: me-
dium, and panel ¢: weak damping, corresponding to a maximum damping ratio of more than 15 dB, be-
tween 10 dB and 15 dB, and less than 10 dB, respectively.

such a way, since the dimensions of the footprint (at the
same incidence angle) are decreasing with increasing ra-
dar frequency. If these dimensions were smaller than a
certain limit, this could lead to the observed strong in-
crease in the measured damping ratios. For example, the
footprint dimensions for S band, at low incidence angle,
are comparable with those for C band, at high incidence
angle (approx. 22 mX10 m at S band, ¥=23°, and ap-
prox. 23 mX7 m at C band, 9=53°, see Table 1). Thus,
if a small footprint size would influence the data quality,
it should be visible in Figure 4 both at 39 rad/m and at
177 rad/m (which are the corresponding Bragg wave-
numbers for S band, 9=23°, and C band, 9=53° re-
spectively). However, since the large scatter was ob-
served only at Bragg wavenumbers larger than 80 rad/m,
we conclude that instrumental parameters (particularly

the footprint dimensions) are not responsible for the
measured peculiarities.

The damping ratios of OLA measured at wind speeds
of 3.5-4 m/s, 5 m/s, and 12 m/s are shown in Figs. 4, 3,
and 5, respectively. It can easily be seen that the damp-
ing ratios decrease with increasing wind speed, particu-
larly at high Bragg wavenumbers (above 80 rad/m). This
observation indicates that the wind speed has to be taken
into account for the discussion of the obtained results.
In order to allow a qualitative discussion of the measured
results, the source terms for the wind input (at 4 m/s) and
the viscous dissipation, both for a slick-covered water
surface [divided by the spectral action density N(k)] are
shown in Figure 10. The former, that is, the function f,
given in Eq. (8), was calculated setting 9=0° and u}'=
0.7u"=9.8 cm/s. It can be inferred from Figure 10 that
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Figure 8. Same as Figure 7, but for TOLG dissolved in n-hexane.

only at low wavenumbers the energy input by the wind
(dashed line) is larger than the viscous dissipation (solid
line), whereas at intermediate to high wavenumbers the
stronger viscous dissipation must result in high damp-
ing ratios.

It is worth noting that inserting the analytical expres-
sions for these source terms into Eq. (10) gives rise to
a singularity at the threshold wavenumber, that is, the
wavenumber where both functions plotted in Figure 10,
p, and 2Ac,, are equal. Therefore, the calculation of the-
oretical damping ratios using Eq. (10) is sensible only for
the high wind case, where the energy input by the wind
is larger than the viscous dissipation for the whole wave-
number range which is of interest here.

For low wind speeds (and especially when the water
surface is covered with a surface film), we may assume
that wave breaking is not important; thus, for a balanced
action [see Eq. (5)] nonlinear wave—wave interaction be-

comes important. The nonlinear energy flux must occur
from low towards high wavenumbers (i.e., from wave-
numbers lower than the threshold wavenumber towards
those which are higher than this value; see Fig. 10). This
in turn results in a wave damping at low wavenumbers
stronger than predicted by Marangoni damping theory
[as already mentioned by Alpers and Hiihnerfuss (1989)].
Furthermore, at wavenumbers slightly higher than the
threshold value, this energy flux may balance the lower
energy input by the wind (in comparison to the viscous
dissipation). However, in the wavenumber region of the
Marangoni maximum (approx. 80 rad/m; see Fig. 2) the
nonlinear energy flux may not be high enough to over-
come the energy loss caused by the strong difference of
viscous dissipation and wind input. We, therefore, expect
a strong increase in the measured damping ratios in this
wavenumber region, which in fact has been observed in
our experiments.
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Figure 9. Same as Figure 7, but for the mineral oil (IFO 180).

At a wind speed of 5 m/s, the strong increase in the
damping ratios at intermediate wavenumbers was not
measured (see Fig. 3). Since the energy input by the
wind at high wavenumbers and for this wind speed is
still smaller than the viscous dissipation, another effect
must be responsible for the monotonic increase of the
measured damping ratios. During the first experiment on
18 April 1994, the direction of the tidal flow was antipar-
allel 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 (particularly, on a
slick-free water surface). We therefore suspect that the
difference of viscous dissipation, on the one hand, and
wind input and wave breaking, on the other hand, was
not large enough to cause a strong increase in the mea-
sured damping ratios at intermediate Bragg wavenum-
bers (as measured at low wind speed).

During the third experiment on 6 October 1994, the
wind speed was high (12 m/s) and the surface films were

not coherent because of the permanent action of the
waves and the strong wind. As described above, we
therefore subdivided the data sets obtained from each of
the surface films into classes of different (maximum)
damping. The damping ratios for the four monomolecu-
lar surface films consisting of OLA, OLME, pure TOLG,
and dissolved TOLG increase monotonically with Bragg
wavenumber only for the “strong” damping parts of the
slicks. The “weak” and “medium” damping parts, how-
ever, caused increasing damping ratios only at low Bragg
wavenumbers (up to 80-150 rad/m, depending on the
substance), whereas constant damping ratios were mea-
sured at high Bragg wavenumbers. This finding may be
due to the fact that small holes in the slicks occurred
locally. If short surface waves (i.e., waves with high
Bragg wavenumbers) were generated within these holes
by the wind, this in turn caused a reduction of the mea-
sured (mean) damping ratios.

It was already mentioned that only in the “strong”
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damping parts of the surface films a full coverage of the
water surface by the different substances can be as-
sumed. Therefore, the following comparison of the re-
sults obtained from the different surface films is re-
stricted to the classes of “strong” damping, in order to
avoid any influence on the data interpretation by tattered
parts of the surface films.

For a qualitative analysis of the results measured at
12 m/s the source terms for the wind input and for the
viscous dissipation are shown in Figure 11. The three
dashed lines for the energy input by the wind were cal-
culated assuming different reductions of the friction ve-
locity over a slick-covered water surface (since classes of
different damping were defined it is sensible also to as-
sume different mean reductions of the friction velocity).
It can easily be seen that (in contrast to the conditions
at low to moderate wind speed; see Fig. 10) the energy
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input by the wind is larger than the viscous dissipation
in the whole wavenumber range which is of interest in
the present investigation. This can explain why no strong
increase in the damping ratios at intermediate Bragg
wavenumbers (approx. 80-150 rad/m) was measured.
Furthermore, for a wind speed of 12 m/s, no singularity
occurs in the first factor on the right-hand side of Eq.
(10), so that a theoretical model of the damping ratios
can be developed (see the next section).

As already measured at low to moderate wind speeds,
the damping ratios from the “strong” damping parts of
the OLA slick at 12 m/s (panel a of Fig. 5) are monotoni-
cally increasing with Bragg wavenumber. This increase,
however, is smaller than measured during the two exper-
iments in April 1994 at lower wind speeds (see Figs. 3
and 4). We can therefore infer that an increasing wind
speed results in decreasing damping ratios, particularly
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at high Bragg wavenumbers, whereas the shape of the
measured damping curves (i.e., the monotonic increase)
is independent of wind speed. This finding can be ex-
plained by means of a stronger influence of the wind-
dependent source terms in Eq. (10), that is, wind input
and wave breaking, on the damping ratios, which results
in a flattening of the measured damping curves.

The damping ratios measured at a wind speed of 12
m/s for the “strong” damping parts of the pure TOLG
slick (panel a of Fig. 7) show similar properties as already
measured for the different OLA slicks: We observed a
monotonic increase with Bragg wavenumber and a slight
kink at intermediate Bragg wavenumber. Again, the ab-
sence of a Marangoni maximum is a manifestation of the
influence of the wind speed dependent source terms in
Eq. (10). Up to Bragg wavenumbers of approximately 300
rad/m, the measured damping curves for the “strong” and
“medium” damping parts of the pure TOLG slick are al-
most identical (see panels a and b of Fig. 7). Only at
high Bragg wavenumbers (k;>300 rad/m) were strong
differences measured. As already mentioned, these dif-
ferences may be due to small holes within the TOLG
slick and, thus, a local generation of small surface waves
(with wavelengths smaller than approx. 2 cm); however,
they may also be due to the damping characteristics of
the monomolecular surface films (see below).

Since the surface film consisting of dissolved TOLG
was gradually destroyed during the measurements by the
action of the strong wind and the waves, only a few data
were obtained over this slick (see Fig. 8). Thus, less in-
formation can be inferred from this data set. However,
the damping ratios measured over the “strong” damping
part of the dissolved TOLG slick are similar to those
measured over the “strong” damping part of the pure
TOLG slick. This shows, that the different spreading
procedure due to the solvent n-hexane has only a weak
influence on the damping behavior of this substance (at
least under high wind conditions). Differences between
the data of the “medium” and “weak” damping parts of
both TOLG slicks (panels b and ¢ of Figs. 7 and 8) are
apparently due to the different amount of data (particu-
larly for the “medium” damping parts).

The damping ratios measured over the mineral oil
spill consisting of IFO 180 (Fig. 9) show a monotonic
increase for all damping classes, that is, not only for the
areas of “strong” damping, but also for the “medium”
and “weak” damping parts. For the “strong” damping
parts of IFO 180, moreover, we measured the highest
damping ratios observed during this experiment (at 12
m/s). For the “medium” and “weak” damping parts con-
stant damping ratios at high Bragg wavenumbers (as
measured over the monomolecular slicks) are absent.
This may be a hint for the fact that this peculiarity is not
only caused by small holes within the surface films, but
that it is also due to the different damping characteristics
of the different surface films.

The results reported herein are in accordance with
those reported by Wismann et al. (1998; V. Wismann,
personal communication, 1993) who also found, on the
one hand, a monotonic increase in the damping ratios
measured over mineral oils spills and, on the other hand,
a less strong increase in the damping ratios (particularly
at high Bragg wavenumbers) measured over monomolec-
ular slicks. A different damping behavior of mineral oil
spills was measured by Johnson and Croswell (1982) and
by Singh et al. (1986), who both measured a reduction
of the damping ratios at high Bragg wavenumbers (above
300 rad/m). However, since these particular data were
obtained at incidence angles above 35° and, as in the
case of Singh et al. (1986), at low to moderate wind
speeds (3-6 m/s), we suspect that an insufficient signal-
to-noise ratio was responsible for the measured reduc-
tions. Even the Ku band data from our measurements
at low to moderate wind speeds (3.5-5 m/s) obtained at
incidence angles above 40° could not be used in some
cases, due to an insufficient signal-to-noise ratio, and
were, therefore, omitted.

A Simple Model for the Measured Damping
Ratios at High Wind Speeds (12 m/s)

The monotonic increase in the damping ratios already
measured previously (Wismann et al., 1993) cannot be
explained by pure Marangoni damping theory (see the
theoretical damping curves shown in Fig. 2). Recently,
attempts have been made to explain this discrepancy
(Vesecky, 1995; Macklin, 1995). However, the experi-
mental results could not fully be explained for the whole
wind speed range for which the results had been ob-
tained.

Under high wind conditions (above 10 m/s), the en-
ergy input by the wind is larger than the viscous dissipa-
tion in the whole (Bragg) wavenumber range covered by
HELISCAT (i.e., up to approx. 600 rad/m). Since no sin-
gularities in the first factor on the right-hand side of Eq.
(10) occur under these conditions, a model for the
damping ratios can be developed.

For the source term for wave breaking Donelan and
Pierson (1987) proposed a power-law behavior:

Sp,=alk'®(k))"wN(k), (11)

where a and n are functions of the wavenumber (de-
pending on the kind of wave breaking) and had to be
determined by fitting Eq. (11) to results from Ku band
radar backscatter measurements. The spectral power
density of the water waves, @, acts as an input spectrum
into Eq. (11). For @ Phillips (1985) proposed

B(k)oc[Icos ol (12)
gk’

Inserting Eq. (12) into Eq. (11), setting the function n
constant as n=3, and using Eq. (3), we obtain a result



which is in accordance with an expression for spontane-
ous breaking proposed by Phillips (1988).

Let us now assume that the function n (and, thus,
the kind of breaking) depends on the slick coverage of
the water surface. Furthermore, let us assume that, un-
der high wind conditions and in the wavenumber range
which is of interest herein, the source terms for the non-
linear wave—wave interaction are negligible in compari-
son to the source terms of wave breaking (Donelan and
Pierson, 1987). The second factor on the right-hand side
of Eq. (10) can then be written as

S? _ Sor -
ﬁ=A((ﬂ>no,m)~k<”° )2 (13)

ay [cos o] 0™
A(Wﬂm%)“*“-m s Lyt "s(\/ﬁ) ’
a, g

where n, and n, denote the function n in Eq. (11) for a
slick-free and slick-covered water surface, respectively,
and m denotes the reduction of the friction velocity by
the slick, that is, ¥ =m-u?. Let us assume that the func-
tion A only depends on the azimuth angle ¢ and on n,
and n,, i.e., the ratio ay/a, may be independent of wave-
number.

Donelan and Pierson (1987) expressed a as an expo-
nential function with exponent n. For simplicity, we thus
may assume that a=2", where n is a constant number
which is reduced in the presence of a slick (i.e., the
waves are less breaking). We, therefore, may set

with

Bo_om (14)
U
with An=n,—n,. Inserting Eqs. (13) and (14) into Eq.
(10) and setting ny=3, which is in accordance with Phil-
lips (1988), we obtain a simple expression for the wind-
speed-dependent damping ratio:
a(k)_Pyk)_B.—24c, ~mA“*4<2u*- [lcos ¢|k>An) as)
aV(k) (k) —24c, g
where the factors of the source terms of wind input (f)
and viscous dissipation (4,) are given in the section Ba-
sic Theory.

Under high wind speed conditions, the wind-induced
effects (i.e., the energy input by the wind and the wave
breaking) are dominating in Eq. (15), thus resulting in a
power-law function for the theoretical damping ratios.
This, in turn, yields a linear curve in the double-logarith-
mic domain, where the slope of this curve depends pri-
marily on the reduction of the wave breaking; that is, a
strong reduction of the wave breaking results in a steep
slope of the damping curve, and vice versa. For a weak
reduction of the wave breaking (i.e., for small values of

An) the first factor on the right-hand side of Eq. (15)
dominates, which results in a small slope of the damping

Reduction of Radar Backscatter by Oceanic Surface Films 67

curve and, due to the Marangoni damping, in a flattening
of the damping curve at high Bragg wavenumbers. These
predictions are in qualitative agreement with the results
of our measurements presented above.

By varying the parameters m and An in Eq. (15) de-
scribing the reduction of the friction velocity and of the
wave breaking, respectively, theoretical damping curves
have been calculated as best fit to the experimental data
(the exact values of m and An were calculated by applying
a least-square method). Since no significant dependence
on the antenna look direction relative to the wind direc-
tion was found in our results, the azimuth angle ¢ was
set equal to zero for all simulations [it is obvious that a
less strong dependence of the wave spectrum on the azi-
muth angle than proposed in Eq. (12) is required (Do-
nelan and Pierson, 1987)].

For the “strong,” “medium,” and “weak” damping
parts of all surface films, the reduction factor for the
friction velocity, m, was set equal to 0.7, 0.8, and 0.9,
respectively, corresponding to a different energy input by
the wind (see Fig. 11). The modeling results for OLA
are inserted as solid lines into Figure 5. The monotonic
increase of the damping ratios measured for the “strong”
and “medium” damping parts (panels a and b, respec-
tively) could successfully be modeled, setting the param-
eter for the reduction of the wave breaking, An, equal
to 3.3 and 2.4, respectively. Note that the modeling re-
sults show no maximum at intermediate (Bragg) wave-
numbers as would be the case for pure Marangoni
damping (Fig. 2). The measured damping ratios obtained
from the “weak”™ damping parts of the OLA slick (panel
¢) could be modeled by setting An=1.8, that is, a smaller
value for the reduction of the wave breaking was chosen
than for the “strong” and “medium” damping parts,
which is in accordance with the qualitative discussion
above. It is, thus, obvious that the model is also capable
of simulating lower damping ratios for the same sub-
stance by decreasing the two parameters for the reduc-
tion of the friction velocity and the wave breaking.

The modeling results for the other monomolecular
slicks consisting of OLME, pure TOLG, and dissolved
TOLG are also inserted as solid lines into Figures 6, 7
and 8, respectively. In all cases, the monotonic increase
in the theoretical curves for the “strong” damping parts
(panels a) corresponds to the results of our measure-
ments. In particular, the Marangoni maximum for TOLG
(see Fig. 2) causes a less increasing theoretical curve in
that particular wavenumber range, which is in agreement
with our results.

Finally, the modeling results for the mineral oil spill
consisting of IFO 180 are inserted as solid lines in Fig-
ure 9. For the mineral oil, pure viscous damping was as-
sumed using Eq. (6) and inserting the dynamic viscosity
of IFO 180, #=0.002 Pa s. Most notable is the fact that
the monotonic increase, which was measured not only
for the “strong” damping parts (panel a), but also for the
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“medium” and “weak” damping parts (panels b and ¢, re-
spectively), could well be reproduced. In particular, in-
serting lower values for the parameters An and m into
Eq. (15) does not cause a flattening of the modeled
curves, as obtained for the monomolecular slicks. Thus,
using Eq. (15) we can explain, on the one hand, that only
slight qualitative differences between the artificial quasi-
biogenic and anthropogenic surface films were measured
over the “strong” damping parts and, on the other hand,
that a different qualitative damping behavior was ob-
served over the “medium” and “low” damping parts.

Our model shows a strong dependence on the azi-
muth angle ¢, which is due to fact that only simple as-
sumptions were made for this dependence both for the
wind input [Eq. (8)] and the wave spectrum [Eq. (12)].
It was already mentioned (see, e.g., Donelan and Pier-
son, 1987; Phillips, 1988) that a parametrized (i.e.,
weaker) dependence should be chosen in order to get
more realistic results, particularly, for the azimuthal de-
pendence of the wave spectrum. However, a variation of
the azimuth angle in Eq. (15) by *30° does not cause
significant changes of the qualitative results, that is, by
slightly increasing the parameter An, similar damping
curves can be calculated for all surface films (not shown
herein). Moreover, for the “weak” damping parts (and for
all damping parts of substances which show an overall low
damping behavior, like OLME), the azimuth angle in Eq.
(15) can be varied to a much higher extent (=60°). Thus,
if we assume a less strong dependence on the azimuth
angle, our model can also explain why no significant de-
pendence on the antenna look direction was observed.

The results of the theoretical model developed
herein are, therefore, capable of explaining the observa-
tions made in our experiments at high wind speed (12
n/s), for example, the similarities measured for the dif-
ferent kinds of surface films (particularly, the monotonic
increase in the damping ratios for the “strong” damping
parts) and the similar amount of wave damping caused
by the different types of surface films. However, it is not
applicable to lower wind speeds (Uj;<10 m/s), where
also nonlinear wave—wave interaction has to be taken
into account.

SUMMARY AND CONCLUSIONS

During the two SIR-C/X-SAR missions in April and Oc-
tober 1994, three surface film experiments were per-
formed in the German Bight of the North Sea, in order
to investigate the reduction of the radar backscatter from
the ocean surface by different oceanic surface films. For
this purpose, radar backscatter measurements were car-
ried out with the 5-frequency/multipolarization scatter-
ometer HELISCAT of the University of Hamburg at L,
S, C, X, and Ku band. During all measurements, mono-
molecular slicks consisting of oleyl alcohol (OLA) were
deployed, thus allowing for an investigation of the de-

pendence of the damping behavior on different environ-
mental conditions, in particular, on wind speed.

It was found that, under all wind speed conditions
(3.5-5 m/s in April 1994 and 12 m/s in October 1994),
the measured damping ratios (i.e., the ratios of the radar
backscatter from a slick-free and a slick-covered water
surface) for all surface films increase with increasing
Bragg wavenumber. However, at high wind speed (12
nm/s), those parts of the monomolecular surface films
which may have partly been destroyed by the continuous
action of the strong wind (“medium” and “weak” damp-
ing parts), cause constant damping ratios at high Bragg
wavenumbers (above approx. 100 rad/m).

The observed damping behavior of the monomolec-
ular surface films cannot be explained by pure Maran-
goni damping theory which describes the damping of
small sinusoidal water surface waves by monomolecular
slicks and which predicts a distinct damping maximum at
intermediate wavenumbers of approximately 100 rad/m.
Additionally, wind-induced effects, primarily the energy
input into the wave spectrum, have to be considered.

The damping ratios measured for the OLA slicks at
low to moderate wind speed (3.5-4 m/s and 5 m/s) are
qualitatively explained by taking into account the differ-
ent source terms of the action balance equation. Here
the difference between the wind input and the viscous
dissipation, on the one hand, and the nonlinear wave—
wave interaction, on the other hand, were adequately in-
cluded.

For the high wind speed case (12 m/s, where the
energy input by the wind is larger than the viscous dissi-
pation in the whole Bragg wavenumber range), a theo-
retical model for the damping ratio was developed. This
model can well reproduce the measured damping ratios
and, moreover, the absence of the expected Marangoni
damping maximum at intermediate Bragg wavenumbers
(approx. 100 rad/m) can be interpreted. Furthermore,
the model can explain the similarities between the re-
sults obtained from quasibiogenic and anthropogenic sur-
face films under high wind conditions.

During the two SIR-C/X-SAR missions in April and
October 1994, SAR images were acquired over the same
surface films (deployed west of the island of Sylt) which
were overflown by HELISCAT. The damping ratios ob-
tained from these SAR images have recently been pre-
sented by Gade et al. (1998b). It is remarkable that, over
each surface film, SIR-C/X-SAR measured lower damp-
ing ratios than HELISCAT [see Figs. 4 and 9 in Gade
et al. (1998b)], whereas these differences are increasing
with Bragg wavenumber. For the second shuttle mission,
this observation is even more surprising, since the
HELISCAT measurements were performed 2 h after the
SAR image acquisition (therefore, the damping capability
of OLA should have been reduced due to the action of
the waves and the strong wind). It is noteworthy that
both sensors measured similar differences between the



results obtained from both OLA slicks (corresponding to
the two surface film experiments). Possible explanations
for this finding may include different resolution scales
(25 m for the SAR system, for the footprint dimensions
of the HELISCAT systems see Table 2), while time dif-
ferences and state of evolution of the slick in our opinion
play a minor role. Additional systematic investigations are
required in order to answer these questions.
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