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Abstract. An improved three-scale composite surface model for the modulation of
the radar backscatter from the ocean surface by long ocean waves is presented. The
model is based on Bragg scattering theory. In the conventional two-scale model,
only the geometric modulation of the radar backscatter and the hydrodynamic
modulation of the short Bragg waves by the long waves is considered. In the
three-scale model, the impact of intermediate-scale waves (wavelengths between the
length of the Bragg waves and the length of the long waves which are resolved by the
radar) is also taken into account, which leads to a modified theoretical ocean wave-
radar modulation transfer function (MTF). For the first time the proposed model
includes not only geometric effects associated with the intermediate-scale waves but
also the additional hydrodynamic modulation of the Bragg waves. The resulting
theoretical expression for the measured “hydrodynamic” MTF depends on the radar
polarization as well as on the azimuthal (upwave / downwave or upwind / downwind)
radar look direction. Especially for HH polarization, the predicted “hydrodynamic”
MTF becomes significantly larger than expected from conventional theory. We
compare model results with tower-based scatterometer measurements at L, C, and
X band (1.0, 5.3, and 10.0 GHz, respectively), which were obtained during the
Synthetic Aperture Radar and X Band Ocean Nonlinearities—Forschungsplattform
Nordsee (SAXON-FPN) experiment. The measured magnitudes and phases of
the MTF are better reproduced by the proposed three-scale model than by the
conventional two-scale model. However, the large measured “hydrodynamic” MTFs
for high microwave frequencies (C and X band) are still underestimated. The
agreement between model predictions and measurements can be improved if, for
example, an additional variation of the wind stress over the long waves is assumed.
The required wind stress modulation depends on the long-wave slope and appears to
be coupled to the hydrodynamic modulation of the surface roughness by a positive

feedback mechanism.

1. Introduction

The ocean wave-radar modulation transfer function
(MTF) describes the linear variations of the backscat-
tered radar power from the ocean surface with the
wave height or slope of long ocean waves [Plant, 1989].
Knowledge of the MTF is required, for example, when
converting radar image intensity spectra of ocean scenes
into ocean wave height spectra. Measurements of the
MTF carried out from sea-based platforms under vari-
ous environmental conditions have been reported by a
number of authors since 1975 [Keller and Wright, 1975;
Alpers and Jones, 1978; Plant et al., 1978; Wright et al.,
1980; Plant et al., 1983; Feindt et al., 1986; Schréter et
al., 1986].
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An early theoretical description of the ocean wave—
radar MTF was given by Keller and Wright [1975].
Based on Bragg scattering theory [ Wright, 1968; Valen-
zuela, 1978], Keller and Wright [1975] separated the
MTF into two parts, one describing the geometric mod-
ulation (tilt modulation) and the other describing the
hydrodynamic modulation of the short Bragg waves by
the orbital currents associated with the long waves.
This concept is often referred to as the “two-scale mod-
el”, since only the scales of the long waves and of the
short Bragg waves are considered. Analytical expres-
sions for the tilt MTF and the hydrodynamic MTF
were given, for example, by Alpers et al. [1981] and
by Alpers and Hasselmann [1978], respectively. How-
ever, it has been noted that this “conventional” the-
ory underestimates the measured MTFs, in particular,
at higher microwave frequencies (e.g., at 10 GHz (X
band)) and at low wind speeds (say, 5 m/s). This
was usually attributed to an underestimation of the hy-
drodynamic modulation [Wright et al., 1980; Schréter
et al,, 1986]. An additional modulation of the Bragg
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waves associated with the variation of the wind stress
along the long waves has been hypothesized, for exam-
ple, by Alpers et al. [1981], Feindt [1985], and Hara and
Plant [this issue]. However, this effect would still be
independent of the radar polarization and thus cannot
explain a difference between the measured “hydrody-
namic” MTFs for horizontal (HH) and vertical (VV)
polarization, which has been clearly identified by W.
Plant and others in data obtained in the framework
of the Synthetic Aperture Radar and X Band Ocean
Nonlinearities—Forschungsplattform Nordsee (SAXON-
FPN) project.

A theoretical explanation for different “hydrodynam-
ic” MTFs for HH and VV polarization was given by
Kasilingam and Shemdin [1992], using a three-scale
composite surface model. This model represents a com-
bination of the conventional two-scale model and the
composite surface model introduced by Wright [1968].
The three-scale concept was proposed first by Lyzenga
and Bennett [1988] for the description of radar signa-
tures of surface current variations over internal waves or
underwater bottom topography. On the basis of Bragg
scattering theory the composite surface model includes
the impact of subresolution scale surface waves on the
radar backscatter. In the three-scale model the spatial
and temporal variations of these “intermediate-scale”
waves are resolved. The resulting radar signatures of
the long ocean waves show a more complex dependence
on the radar polarization than expected from the two-
scale model.

Kasilingam and Shemdin [1992] demonstrated that
the description of the radar backscatter by the compos-
ite surface model is usually in good agreement with the
results of a more general model based on the so-called
Kirchhoff approximation of the Stratton-Chu integral
[Holliday et al., 1986, 1987]. The Stratton-Chu integral
is the fundamental integral equation describing the in-
teraction between an electromagnetic wave and a rough
surface [Stratton, 1941]. Furthermore, Kasilingam and
Shemdin [1992] showed that the ocean wave-radar mod-
ulation transfer functions obtained from the three-scale
model and from conventional two-scale theory can differ
significantly. However, their model results are based on
the following simplifying assumptions:

(1) Only the hydrodynamic modulation of the in-
termediate-scale and short-wave spectrum by the long
waves is taken into account. The asymmetric distri-
bution of the Bragg waves along the intermediate-scale
waves due to hydrodynamic modulation is neglected.

(2) In contrast to the composite surface model pro-
posed by Lyzenga and Bennett [1988], Kasilingam and
Shemdin [1992] assume that the sea surface is a perfect
conductor. At V'V polarization their approximation is
valid for small (steep) incidence angles only. For larger
incidence angles it leads to an underestimation of the
tilt modulation of the backscattered power.

In this paper we present an improved three-scale
composite surface model, which includes the effect of
the two-scale hydrodynamic modulation of the Bragg
waves. On the basis of a Taylor expansion of the back-
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scattered radar power up to second order in the sur-
face slope, the model is formulated in such a way that
the impact of different modulation mechanisms is repre-
sented by separate terms. Model results are compared
with data obtained from scatterometer measurements
at the German Forschungsplattform Nordsee (Research
Platform North Sea, FPN).

In section 2 the theory of the proposed model is de-
scribed. An overview of the different contributions to
the radar backscatter is given, and the linear modu-
lation transfer function is defined. Furthermore, the
modulation of ocean waves in a slowly varying surface
current field according to weak hydrodynamic interac-
tion theory is described.

General results of the proposed model are discussed
in section 3. The composition of the theoretical MTF
as a sum of the conventional components and the ad-
ditional components arising from the three-scale model
is illustrated. Model predictions are compared with ex-
perimental results in section 4, where the effect of an ad-
ditional modulation of the wind stress over long waves
is also investigated. A discussion of the results and an
outlook are given in section 5.

2. Three-Scale Model

The basic concept of the three-scale composite sur-
face model is illustrated in Figure 1. Waves of three
different scales are treated separately in this model:

(1) The short “Bragg waves” give rise to resonant
Bragg scattering of the radar signal. These waves expe-
rience a hydrodynamic modulation by all surface waves
of longer wavelength.

(2) “Short intermediate-scale waves”, that is, waves
of wavelengths large compared to the Bragg wavelength,
but smaller than the radar resolution cell (“subresolu-
tion scale waves”), cause a variation of the local surface
elevation and incidence angle (geometric modulation),

.~ RADAR
RES. CELL

WAVE PROPAGATION DIRECTION —-

Figure 1. Schematic concept of the three-scale model.
The three scales correspond to (1) the short Bragg
waves of wavelength A;, (2) the intermediate-scale
waves of wavelength Ay, and (3) the long waves of wave-
length A3z. The intermediate-scale and Bragg waves are
modulated hydrodynamically by the long waves, while
the Bragg waves are also modulated by the intermedi-
ate-scale waves.
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as well as a hydrodynamic modulation of the Bragg
wave intensity within the radar resolution cell. These
waves cannot be resolved by the radar, but their mean
square slope, which is linearly related to the wave en-
ergy and thus subject to hydrodynamic modulation by
the long waves, is not vanishing. The corresponding
second-order terms of the backscattered power give a
contribution to the radar signatures of the long waves
and thus to the linear ocean wave-radar MTF. “Long
intermediate-scale waves”, that is, waves of wavelengths
larger than the radar resolution cell but smaller than the
long waves for which the ocean wave-radar MTF is eval-
uated, are resolved by the radar; that is, they modulate
the backscattered power in space and time as they travel
through the radar footprint. However, this modulation
is not correlated with the long waves. Thus its lin-
ear component will average out. Again, only terms as-
sociated with the (hydrodynamically modulated) mean
square slope of the intermediate-scale waves will survive
when computing the ensemble average of the backscat-
tered power distribution over several long-wave periods.
Accordingly, short and long intermediate-scale waves
give the same kind of contribution to the radar signa-
tures of the long waves. The length of the radar reso-
lution cell, which is the separating wavelength between
long and short intermediate-scale waves, will therefore
not enter into our theoretical considerations.

(3) The “long waves” are the waves for which the
ocean wave-radar MTF is evaluated. Obviously, each
harmonic long-wave component of the surface wave
spectrum can give rise to hydrodynamic modulation of
shorter waves only. Thus each long-wave component
separates the wave spectrum into a short-wave part ex-
periencing a “coherent” intensity modulation (the inter-
mediate-scale and Bragg waves) and a long-wave part
which does not vary in correlation with the profile of
the harmonic long wave. The radar signatures of the
long waves are due to variations of the surface elevation
and slope, as well as to the hydrodynamic modulation
of the Bragg waves and the intermediate-scale waves.
In addition, the fact that the long waves also give a
contribution to the mean square surface slope will lead
to a slight modification of the mean backscattered radar
power.

We shall confine the following discussion to a quasi-
one-dimensional case in which the travel direction of all
surface waves as well as the wind direction and the radar
look direction are parallel to the z axis. This seems to
be a reasonable approximation for the typical setup of
scatterometer measurements from sea-based platforms,
where data are taken only when the radar is looking
against the waves (upwave).

2.1. Expansion of the Normalized Radar Cross
Section

Besides the linear variations with the shape of a long
wave, the radar backscatter from the ocean surface ex-
periences a second-order modulation associated with
quasi-random surface slope variations due to the other
waves. In this section we develop the mathematical ex-
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pressions describing the mean effect of this modulation.
For this purpose we define the expectation value of a
quantity G, {(G), as ensemble average of the mean value
of G over the radar resolution cell. This expectation
value may be evaluated at a given phase position with
respect to a particular long wave. It may vary in space
and time along this wave. Thus (G) does not have to
be equal to the total mean value of G. The variations of
the expectation values of some quantities with respect
to their mean values will enter into the definition of the
ocean wave-radar MTF.

The backscattered radar power P from an illuminated
area A, at the sea surface, which could be a resolution
cell within a radar image or the footprint of a scatterom-
eter, is formally given by

P=[aagh

A,

We assume that the integration is carried out over an
area representing the projection of the actual surface
onto a horizontal plane. According to basic electro-
magnetic and geometric principles, the portion of the
backscattered power associated with an area element
dA is given by
opP o
a4 w oy

547 ) )

where « is a proportionality factor depending on the
total transmitted power, r is the distance between sea
surface and radar antenna, w is a weighting function,
and og is the normalized radar backscatter cross section
per unit area (NRCS) of an illuminated facet. Here the
weighting function w accounts for variations of the ge-
ometry and the radar power density at the illuminated
facet with the local surface slope and elevation. For ex-
ample, the projection onto the image plane is larger for
surface facets which are tilted towards the antenna than
for facets tilted away from the antenna. This variation
of the geometric facet cross section with the variation of
the local incidence angle of the radar is not included in
the theoretical expression for og. Also, the variations of
the distance r and the corresponding variations of the
illuminated area and the transmitted power density are
included in w. The effects described by this weighting
function will later be referred to as range and range-
bunching modulation.

Neglecting spatial variations of the transmitted power
density due to the antenna pattern, we obtain [compare
Plant, 1989]

R R (I
w=w((,s) = ((H) = ¢)? cos({(8)) cos(s)

®3)

Here 6 and H denote the incidence angle of the radar
and the vertical height of the antenna above the sea
surface, respectively, ¢ denotes the elevation of an il-
luminated facet with respect to the reference plane
with incidence angle (f) and antenna height (H), and
s = 0(¢/0z denotes the corresponding (one-dimensional)
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facet slope. We define the “actual” normalized radar
backscatter cross section of A,, (o), by

(P) = (4)

Thus o denotes the NRCS of a facet with respect
to its projection onto the horizontal plane, while &g
denotes the NRCS with respect to the tilted facet it-
self. For moderate incidence angles (approximately
20° through 70°) the radar backscattering from the
sea surface is dominated by resonant Bragg scattering.
According to Bragg scattering theory [Wright, 1968;
Valenzuela, 1978], the NRCS of a facet of the ocean
is proportional to the (two-dimensional) wave height
spectral density F of the resonant “Bragg” waves:

oo = T(ke,0) E(kp) (5)

where
kp = 2k.sind (6)
is the Bragg wavenumber and k. is the electromag-
netic wavenumber. The proportionality factor 7' can be
found, for example, in the paper by Valenzuela [1978].
T depends on the polarization of the radar and on the
relative dielectric constant of sea water, €, which 1s a
complex function of the frequency of the electromag-
netic wave. Since the real part of ¢ is always large com-
pared to 1 for microwaves [Sazton and Lane, 1952], the
expressions for T' given by Valenzuela [1978] can be ap-
proximated by
Tag = 167k} cos? @

(7a)
for horizontal (HH) polarization and

(1 +sin26) |°

_ 4. 4
Tyv = 167k, cos™ 0 (¢ cos 0 4 V/&)?

(7b)

for vertical (VV') polarization.

The expectation value of the NRCS of the illuminated
area, (o), depends on the variability of s and ¢ on scales
which are long compared to the Bragg wavelength. Fur-
thermore, the long and intermediate-scale waves cause
not only a geometric modulation of the local incidence
angle and the distance between sea surface and radar
antenna but also a hydrodynamic modulation of the
Bragg waves, that is, of their wave height spectral den-
sity . The hydrodynamic modulation may be written
in terms of the surface slope as well. However, it de-
pends on the wavenumber of the longer waves and must
therefore be described in the wavenumber domain.

The instantaneous one-dimensional surface slope s
at a position £ within the illuminated area can be ex-
pressed by its Fourier transform 3:

s(z) = / dk 3(k) e~*® (8)

where §(—k) = 8*(k). The corresponding expression for
the square slope reads
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52(70):/ dky dkg 5(ky) 5(kg) e~*(FrtE2)e ()

The NRCS can be decomposed into Fourier compo-
nents as well. An expansion up to second order in s can
formally be written as

o(z) = oo((6)) + / dk 6(k) e~ tF®
+ / / dky dks G(ky, k) e~ k1 ¥k2)m  (10)

where we define (k) as the Fourier transform of the
contributions to o(x), which depend linearly on the sur-
face slope s, and &(k1, k) as the Fourier transform of
the contributions of second order in s. Although the
variations of ¢ with a given wavenumber k& depend to
first order on the corresponding variations of s with the
same wavenumber, the second-order components are
associated with other waves: Components of s? with
wavenumber k are obtained from each superposition of
waves with wavenumbers k; and k- fulfilling the condi-
tion k1 + k2 = k. Thus (10) may also be written as

+kmex
o(z) = oo((8)) + / dk & (k) e~ ke

—‘kma.t

+kmar
+ / / dk dky 5(k — ka, ky) e~

"kmaz

+kmaz
o(k) + / dks 3(k — ka, ko) | e~

+kmez
= o((6)) + [ d

—kmaz _kma:c

(11)

Here the terms within the brackets represent the “com-
plete” Fourier transform of &, including all components
up to second order in the surface slope. The maximum
wavenumber of the variations of o, kmqaz, is defined by
the condition that the spatial scales of the surface slope
modulating the Bragg scattering facets must be large
compared to the Bragg wavelength. For our model sim-
ulations we choose a facet size of 6 times the Bragg
wavelength, that is, kmer = 1/6 k5.
In terms of a Taylor expansion (11) reads explicitly

+Emas
o(z) = oo((6)) + / dk
—kmoz

+kmdz

1 6%k — ka, k)
+ // dkdk: 5 S5k — k)05 (ka)

a&(k) a —ikz
6§(k) .s‘=08(k)e k

§=0
"kma.t

-5k — ko) S(k2) e*e (12)
When computing the expectation value (o), the first
integral vanishes, since the mean slope associated with
the quasi-random waves must be zero. Thus we obtain
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(o) = oo((9))

+kmaez

1 0%%
« Jfanan 55

The expression containing the Fourier transforms of
the wave slope is related to the (one-dimensional) wave
height spectrum by

(§(k — ko) 5(k2)) e~ (13)

SAREER) (1)
Here the wave height spectrum F(k) is defined in such a
way that its integral over the positive k range yields the
mean square surface elevation. Furthermore, § denotes
the Dirac delta distribution. Inserting (14) into (13)
leads to

(o) = a0((6))

kmaz
+ [arg
0

Inserting the expressions given by (2) and (5) into
(1) and using the definition of o given by (4), for the
second derivative of & in (15) we obtain

(3(k — k) 8(k2)) =

( 825 (—k, k)

85(—k)d5(k) |;_ )k (k) (15)

ool = mea|_ (Paton)
of'| o(E ok
+2 EH 5:0%> &=£B((9))6_§3 §=0
+ 7((op T8 F&B((g))(% )
+ T % k=k5((0)) Z—Z% §=0
+2 | O )
03 |50 08 |5-0
+27((0) 66/:?2 5=0,£=£B((9))86L§B i=0
+T(O)
4228 _‘;_T _(Bato)
49 36_’: (o) % - ((9))%3 s
258 Ty
N gz_gf'gon((a>)<E(&B((e>))> (16)

Again, 7, E, and i denote Fourier transforms of the
variations of T', E, and w of second order in the surface
slope. Note the following;:
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(1) The variations of 7" and kg with § are purely geo-
metric, and T" and kp are always in phase or antiphase
with s (depending on the azimuthal radar look direc-
tion). Thus the derivatives of the Fourier components
of T" and kg with respect to those of s are independent
of k and may be replaced by derivatives of the corre-
sponding integrals, that is, by derivatives of 7" and kg
with respect to s.

(2) In contrast to other terms the hydrodynamic mod-
ulation, 8£/83, as well as the range-bunching modula-
tion in O/ are complex quantities. Only the real
parts of the corresponding terms enter into the integral
in (15).

For small slopes the relationship between the local
surface slope s and the incidence angle # can be ap-
proximated by

6 = (f) — arctan(s) ~

(6) —s (17)

which implies

ds ~ —df (18)

Thus derivatives with respect to s may be replaced by
derivatives with respect to . The hydrodynamic mod-
ulation of the Bragg waves by longer waves, 9E'/38, can
be parameterized by a complex hydrodynamic modula-
tion transfer function [Keller and Wright, 1975; Alpers
and Hasselmann, 1978; Plant, 1989]:

oF

5e |, = Mhlkks) (E(ks((0))  (19)

Analytic expressions for My have been obtained, for
example, by Keller and Wright [1975] and by Alpers and
Hasselmann [1978]. For waves traveling in the positive
z direction, M}, is given by

)
E=kp

Here w denotes the angular frequency of the long wave
(which, for reasons of consistency, must have the same
sign as its wavenumber). Furthermore, v denotes the
ratio of the group velocity ¢; and the phase velocity
¢p of the Bragg waves, and p denotes their relaxation
rate (see section 2.3). Note that M} depends on the
frequency and thus on the wavenumber of the longer
waves.

Inserting (16), (18), and (19) into (15) and separating
the terms accounting for different modulation mecha-
nisms, we finally obtain

o (E)

_ ks w? +ipw
Mn = (<E(EB)> ok

MZ +w2

(20)

(o) = a0({0)) + (012} + (o4n) + (onn)
+(ore) + (orn) + (orr) (21)

where
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(ou) = (o)) + (o) + (o) + (o1")

16°T
= §W < (kp((6) ><5
N ar 6(E) Okp 5
00 Loy Ok li o)) 99 Lio)
1 02 (E) oks| \?,
—T((6 —_— s
MR Es(wn(f” <o>) )
1 9E) kgl o
MR T N
(o) = (o)) +(o3)
aT
= 94, (@)
kmaz
/dem M (k, k5 ((6))) ) ¥° E(k)
ok
+ 7o) ZE
© %,
dk — [ Im M k, k) (E(k k* E(k
T (i), 50
(23)
(onn) = —T( )) / dkRe( __0) 2 E(k)  (24)
(ore) = (o) + (o)
~ 3]y (EEsOD)
/dkRe( _ 0) k2 E(k)
9 (E) ks
—T((6)) 2L a2
()% k() 99 lio)
Emas X
- / dk Re (%—‘;’ H) k* E(k) (25)

(orn) = (e5)+(a3)

= —T({8)) (E(EB((H)))>
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7. ) (i aC10D) ) B

¥ )
/dkRe (g .
0

—7((6)) (E(E5((6))))

kma:

ow
/dklm ( 35
0

) Re (M (5 ks () ) #B®)

(26)
(orr) = 3 {B(ka((0))) T((0))
-kf;k Re (‘Zz—;f ~ ) k2 E(k) (27)

Note that the components of (;) are directly propor-
tional to the expectation value of the square slope of
the sea surface, which is given by

kmaz

(s*) = 7dk k? E(k) (28)

The integrals in (23)-(27) are more complicated, since
they include the hydrodynamic modulation transfer
function M} and derivatives of the weighting function
w, which depend on k.

The derivatives of kp are given explicitly by

Okp

20l = 2k, cos (0) (29)
(8)
Pkp| .
W (9) = —2ke sin (0) (30)

The derivatives of the weighting function w can be writ-
ten explicitly as well. Formally, they must be written
in terms of the Fourier transforms 1, @, and § because
they are not independent of k. We obtain

o .2

5 o = tan (f) — ¢ F ) (31)
82w 6
9 |, R2(H) (32)

The dependence of T on 8, and, in particular, the
dependence of the wave height spectrum E on k, is un-
wieldy. Thus we compute the derivatives of T' and E
numerically.

The (o4:) terms represent the second-order tilt mod-
ulation of the NRCS by longer waves, while the {o4)
terms are cross terms resulting from the correlation of
tilt and hydrodynamic modulation. The term (opp)
represents the second-order hydrodynamic modulation
of the Bragg waves. It will be neglected in the following,
since no convincing theoretical description of this effect
yet exists. An estimate of (¢55) can be found, for exam-
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ple, in the paper by Plant [1986], who concluded that
this contribution is probably small. We shall show (see
Figure 2) that, in most cases, at least the terms includ-
ing first-order hydrodynamic modulation are small com-
pared to the purely geometric terms. Similar to (o¢4),
the terms of (o,:) and (o,s) are cross terms resulting
from the correlation of the range and range-bunching
modulation with the tilt modulation and the hydrody-
namic modulation, respectively. The last term, (o),
describes second-order range modulation; that is, it ac-
counts for the fact that the increase of the contribution
of facets with positive elevation to the mean NRCS is
larger than the corresponding decrease of the contribu-
tion of facets with negative elevation. This term, as

well as (a,{?), decreases with increasing distance be-
tween the radar antenna and the sea surface. For dis-
tances larger than, say, 100 m, both contributions are
negligible.

A notable fact is that (a’th) and (oﬂ) ) change sign
when the azimuthal radar look direction is reversed,
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since the maximum intensity of the Bragg waves is al-
ways located at the same side of the long waves (which
is, according to weak hydrodynamic interaction theory,
the forward face). In contrast to this the sign of all other
terms remains the same. Thus the proposed model pre-
dicts an upwave / downwave asymmetry of the NRCS

(see also Plant [1986]). We define <0'g")) and (ag“)) as
sums of the symmetric and the asymmetric components
of (o), respectively:

() = (o) + {ore) +(o1)
(037) = (own) + (o13))

The dependence of (ag’)> and (aga)) on f is shown
in Figure 2 for the radar frequencies 1 GHz (L band)
and 10 GHz (X band) at both HH and VV polariza-
tion. Note that the second-order terms of (o) are much
larger at X band than at L band. Furthermore, the
asymmetric terms, which are a new feature of the pro-

(33)

(34)

16
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Figure 2. Relative contributions of the “symmetric” and “asymmetric” second-order terms of
the NRCS as given by (33) and (34) to the total NRCS, normalized by ¢o((f)). The “asymmetric”
terms change sign when the azimuthal radar look direction is reversed. The wind speed is 10
m/s, the radar look direction is upwave, the height of the radar antenna above the sea surface is

26 m. (a) L band, HH polarization. (b) L band,
(d) X band, VV polarization.

V'V polarization. (c¢) X band, HH polarization.
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posed model, give a considerably large contribution at
X band (Figures 2c and 2d). At VV polarization this
becomes the dominant second-order contribution for in-
cidence angles larger than approximately 55°. Thus the
impact of the hydrodynamic modulation is not negligi-
ble at high microwave frequencies.

So far we have considered only the expectation value
(o) of the NRCS for an illuminated area with the nom-
inal incidence angle (6), which could be located at a
certain phase position with respect to a long wave. We
now want to analyze the linear spatial and temporal
variation of this expectation value along the long waves.
These large-scale variations of the NRCS can be writ-
ten as a Taylor series up to first order in the long-wave
slope S(z). If S(K) denotes the Fourier transform of
S(z) and Q denotes the long-wave angular frequency,
we obtain

(0)(2,t) =0 + (057 + o)
+Kcui

+ / ax L0 5(c) ¢=itxe—an
oS

—Kcut

+Kcul

+ / dK % ((Ug")> + (g'ga)>) §(I{)e—i(Kz—nt) (35)
—Kecut

Here the bar denotes averaging in space and time over
the long waves. The cutoff wavenumber, K.,;, is the
maximum wavenumber which is resolved by the radar.
In the case of a scatterometer this quantity depends on
the size of the radar footprint.

Note that the hydrodynamic modulation caused by a
particular long wave of wavenumber K can affect only
the waves of wavenumbers larger than K. Thus the
modulation of the second-order terms of (o) by a long
wave of wavenumber K depends on the contribution
of the integration interval between K and K.y: to the
integrals in (23)-(28).

2.2. Linear Modulation Transfer Function

The modulation of the backscattered radar intensity
by long ocean waves can be described, to a good approx-
imation, by a linear relationship [Keller and Wright,
1975; Alpers and Hasselmann, 1978; Alpers et al., 1981;
Plant, 1989]. The (one-dimensional) complex ocean
wave-radar modulation transfer function (MTF) is de-
fined by

1 9[P)(K)

MK)=—-i— —=
(P) 8S(K) ls=0o

(36)

Here the phase of the MTF is defined in such a way
that a phase of 0 means that maximum backscattered
power occurs at the wave crest and a positive phase
means that it occurs at the forward face of the wave.
Using (36), the variations of the backscattered power
which are linear in the long-wave slope can be written
as
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+Kcut
(P)(z,t) = (P) (1 + / dK i M(K)S( K)e—s'(xx-m))
—Keut
(37)

The relationship between the backscattered power
and (o) was given by (4). The conventional expression
for the MTF, which is obtained in the two-scale the-
ory under the assumption that (o) = o¢((6)), is usually
written as the sum of three terms describing range, tilt,
and hydrodynamic modulation:

M=Mgp+ Mpr + Mg (38)

The “range MTF”, Mg, describes the modulation of
the backscattered power due to geometric modulation

of the illuminated patch at the sea surface. It is given
by

(39)

If only the modulation of the distance between the radar
antenna and the illuminated patch is taken into ac-
count, one obtains for a continuous wave (CW), “beam-
limited” scatterometer (see Plant [1989])

. 2
Még) —

K, (40)

where Hy denotes the “nominal”(mean) height of the
radar antenna above the sea surface. For radar meas-
urements carried out from airborne or spaceborne sys-
tems, Mgg) is usually negligible, while it may con-
tribute considerably to the MTF measured by scat-
terometer from sea-based platforms.

Another term contributing to the ocean wave-radar
MTF was discussed by Gower [1983]. It is associ-
ated with the modulation of the size of the illumi-
nated area A, due to the slope of the sea surface.
For a CW, “beam-limited” scatterometer, this “range-
bunching MTF” is given by [see Plant, 1989]

(41)

where 0 denotes the “nominal” (mean) incidence angle.
The “tilt MTF”, My, describes the geometric mod-
ulation of oy by the long waves. The conventional the-
oretical expression for the tilt MTF [e.g., Alpers et al.,

1981] reads
)

(42)

Mgb) =itanfy

Okp

0 _ .1 OF Okp
My = 5. 08
=Bo

oT
i (% 90E0(k30) +T(00) 51

Here kpo denotes the “nominal” value of kg, which is
equal to the mean value of kg((f)) as used before, and
E denotes the equilibrium wave height spectrum. Fig-
ure 3 shows M;O) for X band as function of 4 for FH and
VV polarization. Here the dielectric constant ¢ as given
by Sazton and Lane [1952] was used. In addition, the
tilt MTF for VV polarization and a perfectly conduct-
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Figure 3. Tilt modulation transfer function M,}") for
the polarizations HH and VV, as given by (42). The
solid line represents the tilt MTF obtained for the di-
electric constant ¢ for X band; the dashed line repre-
sents an approximation for a perfectly conducting sur-
face (e —o00).

ing surface (€ — 00) is shown in Figure 3. Obviously this
approximation is valid only for small incidence angles
up to approximately 30°.

The “hydrodynamic MTF”, Mg, describes the vari-
ation of the Bragg wave energy along the long waves
due to hydrodynamic modulation, that is, the devia-
tion of the wave height spectral density of the Bragg
waves from its equilibrium value. The conventional hy-
drodynamic MTF is defined as

(43)

An analytic solution obtained from weak hydrody-
namic interaction theory was given already by (20). In
terms of the “long” waves (switching again to capital
letters for variables associated with the long wave), it

reads
ks OE, Q2 + Q)
MO = — == —y | S (44
H (EO(EB) Ok kb, 7) /"2 + 02 ( )

In the three-scale model the mean value of the NRCS
is the mean value of {7} instead of 54(6g) (see (21)). The
corresponding increase of the mean backscattered power
leads to a reduction of the MTF, which can be included
in the model by introducing the additional components

M = ((‘% - 1) M0 (45)
e MY = ((‘% - 1) MO (46)

as “correction terms” for Mt and My, respectively.
Note that MI(’I) and M;II) describe the first-order mod-
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ulation of the backscattered radar power by the long
waves in the same way as the conventional components
M,_S,O) and MI(;) ). The superscript numbers and letters
represent only indices which do not correspond to the
order of the terms.

In addition, the modulation of the second-order terms
of (o) by the long waves must be taken into account.
These terms experience a tilt modulation with the mod-
ulation of (), as well as a hydrodynamic modulation of
the Bragg waves and the intermediate-scale waves by
the long waves. We define

) __; L 0 /)
My = zm6§<02> (47)
@__; L 9 /&
M;™ = zmag 0'2> (48)

where MZ(’) accounts for the modulation of the second-
order terms which are symmetric with respect to the
azimuthal radar look direction and Mz(“) accounts for
the modulation of the asymmetric second-order terms.

In addition to the pure hydrodynamic modulation
discussed so far, a variation of the wind stress along
the long waves might give rise to an additional modula-
tion of the intermediate-scale and Bragg waves. Form-
ally, a “wind MTF”, My, may be introduced, which
accounts for this effect. The magnitude of Mw can be
roughly estimated by comparing measured MTFs with
theoretical results. Of course, one has to keep in mind
that remaining discrepancies could also be due to other
modulation mechanisms.

2.3. Hydrodynamic Modulation

Assuming that the scales of a short Bragg wave or in-
termediate-scale wave in space and time are small com-
pared to the scales of the surface current field caused
by the long waves, the current—wave interaction can
be described by a Wentzel-Kramers-Brillouin (WKB)
type theory [Schiff, 1955; Longuet-Higgins and Stewart,
1964; Whitham, 1965; Bretherton, 1970; Willebrand,
1975; Alpers and Hasselmann, 1978; Alpers and Hen-
nings, 1984]. According to this “weak hydrodynamic
interaction” theory, wave packets traveling through a
slowly varying current field along given trajectories
obey the action balance equation

dN 9 dg &  dk O _
(G amrao) Y=ok @

Here N denotes the action density of a surface wave
packet, which is proportional to the spectral energy
density E times the intrinsic phase speed of the short
waves. The source function () describes the combined
effect of wind input, wave—wave interaction, and dis-
sipation, which forces the spectrum to return to equi-
librium after experiencing a perturbation. For small
perturbations the source function can be approximated
by a linear diagonal operator of the form
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where

SN = N(k,z,t) ~ No(k) (51)

is the deviation of the action density from its equilib-
rium value Np and p is the so-called relaxation rate
[Miles, 1959; Snyder and Coz, 1966; Inoue, 1967; Keller
and Wright, 1975; Hughes, 1978; Wright, 1978; Alpers
and Hasselmann, 1978; Snyder et al., 1981; Mitsuyasu
and Honda, 1982; Plant, 1982; Alpers and Hennings,
1984]. The different parameterizations of p used by
these authors differ by up to one order of magnitude
[Caponi et al., 1988]. Thus the relaxation rate is, to
some extent, a weak element of our theory. For the
model simulations presented in this paper we have cho-
sen the parameterization given by Hughes [1978]. Fig-
ure 4 shows u as function of wavenumber & for the wind
speeds of 5, 10, and 15 m/s.

An analytic expression for the hydrodynamic modula-
tion is represented by the hydrodynamic MTF as given
by (20) and (44). It is applicable to the modulation of
short Bragg waves as well as to the modulation of the
intermediate-scale waves by the long waves. According
to this solution, the maximum intensity of the short rip-
ple waves with large relaxation rates should be found at
phases close to 90° ahead of the long-wave crest, that
is, at the forward face of the wave, where the maximum
convergence of the surface current field occurs. The
weak relaxation of the longer intermediate-scale waves
leads to an integration of the hydrodynamic modula-
tion over longer distances, yielding the largest intensity
of these waves close to the end of convergent current
regions. This corresponds to phase positions close to
the long-wave crest.

In principle, the analytical solution of the action bal-
ance equation could be used for computing the hydrody-
namic modulation of the entire intermediate-scale and
short wave spectrum. However, it is used in our simula-
tions only for modeling the hydrodynamic modulation
of the Bragg waves by the intermediate-scale waves. For
the computation of the modulated intermediate-scale
wave spectra, the action balance equation is integrated

102 5
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Figure 4. Relaxation rate pu(k) for wind speeds of 5,
10, and 15 m/s, as given by Hughes [1978].
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numerically, which allows an easy introduction of a wind
stress modulation over the long waves (see section 4.2),
or of other modulation mechanisms. A variable wind
stress affects the relaxation rate p as well as the equi-
librium wave height spectrum.

For the equilibrium spectrum we choose a parameter-
ization similar to the one given by Bjerkaas and Riedel
[1979], which is a combination of five wave spectra de-
fined for different wavenumber ranges. The Bjerkaas-
Riedel spectrum has already been used successfully for
similar model calculations by D. Thompson and cowork-
ers [Thompson and Gasparovic, 1986; Thompson, 1989,
1990; Thompson et al., 1991]. The slope spectrum for
wind speeds of 5, 10, and 15 m/s is shown in Figure 5.

3. General Characteristics of the Model

We now want to discuss the general differences be-
tween the MTF obtained from the proposed three-scale
model and from conventional theory. For this purpose
we have computed the variation of the radar backscat-
ter along a 100 m wave for L and X band (1.0 and 10.0
GHz, respectively), HH and VV polarization, and for a
wind speed of 10 m/s. The nominal incidence angle of
the radar is 45°, looking upwave, and the height of the
antenna above the sea surface is 26 m. The resulting
MTFs are shown in the diagrams in Figure 6.

The four diagrams in the top row of Figures 6a-6d
show the different components of the MTF for the four
radar channels considered here as complex vector sums.
In the second row the resulting total MTFs as given
by conventional theory and by the proposed three-scale
model are shown. Finally, the bottom row of dia-
grams shows the “residual” modulation transfer func-
tion Mgps, which we define as the difference between
the total MTF and the conventional geometric MTF

consisting of Mg and MY, that s,
Mpps = M — Mg — M)

= MO+ MO+ MP + MO+ MY (52)

100
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100! 109 10! 102 103 10*
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Figure 5. Slope spectrum of ocean waves for wind
speeds of 5, 10, and 15 m/s, as given by Bjerkaas and
Riedel [1979].
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Figure 6. Composition of the real and the imaginary part of the total MTF according to the
proposed three-scale model for a 100 m wave. The wind speed is 10 m/s, the incidence angle
is 45°, the azimuthal radar look direction is upwave, the height of the radar antenna above the
sea surface is 26 m. (a) L band, HH polarization. (b) L band, VV polarization. (¢) X band,
HH polarization. (d) X band, VV polarization. (top) Vector sums of the different components.
(center) Resulting total MTFs. (bottom) Resulting “residual” MTFs as defined by (52). Legend:

TO, Mé.o); etc.; 25M, two-scale (conventional) model; 3SM, proposed three-scale model.
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Figure 6. (continued).

According to conventional theory the “residual” MTF ization, yielding a larger modulus for HH polarization.
should be equal to the hydrodynamic modulation trans- The phases of the total MTF are generally shifted back-
fer function M 1(;10 ), which is independent of the radar po- Wards, that is, against the wave travel direction, when
larization. Figure 6 shows that particularly at X band switching from the conventional model to the proposed
the three-scale model predicts a pronounced difference model.

between the “residual” MTFs for HH and VV polar-
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4. Comparison of Model Results With
Measurements

Since the conventional tilt modulation transfer func-
tion M’}o) can easily be calculated from Bragg scatter-
ing theory, it has been common practice in literature
[Wright et al., 1980; Schréter et al., 1986] to subtract
it, together with the range MTF, Mg, from the meas-
ured total MTF, expecting to obtain the hydrodynamic
MTF as a residual component for further analysis. We
shall keep this method here in order to obtain compa-
rable results, that is, we shall compare measured and
theoretical values of the “residual” modulation transfer
function Mggs as given by (52).

We carried out extensive MTF measurements from
the German “Forschungsplattform Nordsee” (North Sea
Research Platform or FPN) within the framework of
the SAXON-FPN project. Data were obtained from a
three-frequency (L, C, and X band), dual-polarization
(HH and VV) Doppler scatterometer. The incidence
angle of the system was 45°, the height of the antenna
above the mean sea level was 26 m, and the length of
the illuminated patch in the radar look direction was
15 m at L band (1.0 GHz), 2.9 m at Cband (5.3 GHz),
and 1.5 m at X band (10.0 GHz). The intensity and
the Doppler shift of the backscattered radar signal were
measured simultaneously. Since the Doppler shift can
be converted into long-wave slope by a linear transfor-
mation [Feindt et al., 1986] (which is still a reasonable
assumption within the three-scale theory), MTFs could
be determined this way without using additional data
from other sources. The data considered here are some
results obtained from measurements performed between
March and November 1992. A more detailed presenta-
tion of our experimental results will be given in another
paper.

“Residual” MTFs have been computed for the wind
speed intervals of 3-6 and 14-16 m/s, which we refer to
as data for 5 and 15 m/s, respectively. Only upwind and
upwave cases are considered, that is, cases in which the
wind and wave directions were “from west” within an
interval of +30°, while the radar antenna was pointing
due west. The MTFs have been averaged over several
measurements obtained at different sea states. Further-
more, only data points associated with a squared co-
herence between the wave slope and the backscattered
power of better than 0.4 have been taken into account,
since the linear MTF theory is useful only in cases of a
basically linear relationship between the two quantities.

4.1. Simulations Without Wind Modulation

Magnitudes and phases of measured “residual” MTFs
for wind speeds of 15 and 5 m/s are shown together
with theoretical values in Figures 7 and 8, respectively.
While the dashed lines represent the conventional hy-
drodynamic modulation transfer function M,S{O) as given
by (44), the solid lines denote Mrgs as obtained from
the proposed three-scale model. Since the scatterometer
measurements were obtained as time series, the MTFs
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Figure 7. “Residual” MTFs for a wind speed of 15

m/s. (a) L band, HH polarization. (b) L band, VV
polarization. (¢) X band, HH polarization. (d) X band,
VV polarization. The circles represent experimental re-
sults, the dashed lines represent the conventional hy-
drodynamic MTF, the solid lines represent Mrpgs as
obtained from the three-scale model.

are shown as functions of the long-wave frequency. A
typical peak frequency encountered during our measure-
ments is 0.15 Hz, which corresponds to a wavelength of
approximately 70 m.

However, the plots indicate that the dependence of
the measured as well as the theoretical “residual” MTFs
on the long-wave frequency is relatively weak in most
cases. A notable increase of the measured modulus of
MpEgs at low wave frequencies is found only at L band
(Figures 7a and 7b), which is reproduced neither by the
conventional two-scale nor by the proposed three-scale
model. The “residual” MTFs for I band are almost
independent of wind speed. The differences between the
magnitudes of the “residual” MTFs obtained from the
three-scale model and from the conventional model are
relatively small. Besides the underestimation of MrEgg
at lower wave frequencies, the L band model results
show reasonable agreement with the data.
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Figure 8. Same as Figure 7, but for a wind speed of
5 m/s. (a) L band, HH polarization. (b) L band, VV
polarization. (¢) X band, HH polarization. (d) X band,
V'V polarization.

The “residual” MTFs for X band at 15 m/s are shown
in Figures 7c and 7d. The measured MTF's show a pro-
nounced difference between HH and VV polarization,
where a larger magnitude and a slightly negative phase
is obtained at HH polarization. This behavior is quali-
tatively reproduced by the three-scale model. However,
the differences are much less pronounced: While the
measured “residual” MTF seems to be approximately 2
times larger for HH than for VV polarization, the cor-
responding ratio obtained from the proposed model is
still close to 1. The theoretical modulus of Mggs for
HH polarization appears to be clearly underestimated,
although the modulus obtained from the three-scale
model already exceeds the modulus of the conventional
hydrodynamic MTF by a factor of more than 2. The
measured phases of Mgrgs for HH and V'V polarization
are reproduced relatively well by the proposed model,
whereas the phases of MISO) exceed the measured values
by up to 90° or more.

Figure 8 shows the “residual” MTFs for Cand X band
at a wind speed of 5 m/s. Basically the measured MTFs
for both frequencies are similar: Their magnitudes are
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strongly increased with respect to the 15 m/s case (not
shown for C band), and only small differences between
Mggs for HH and VYV polarization are found. Also
the difference between the measured phases of Mggs
for HH and V'V polarization decreases with decreasing
wind speed. Again, the phases of Mgrps as obtained
from the three-scale model show good agreement with
the data, while the large magnitudes are not reproduced
satisfactorily. It seems to be essential to consider addi-
tional modulation mechanisms in order to explain the
large measured modulation.

4.2. Simulations Including Wind Modulation

It has been hypothesized by several authors [e.g.,
Wright et al., 1980; Schroter et al., 1986; Hara and
Plant, this issue] that a modulation of the friction ve-
locity u, of the wind field over long waves leads to an
increased modulation of the shorter waves, which could
explain the large measured “hydrodynamic” or “resid-
ual” MTFs for high microwave frequencies. This mech-
anism seems to be the most promising one for the ex-
planation of the large measured modulation for C and
X band at low and moderate wind speeds (say, 5 m/s).
Its impact on the results of the three-scale model will
be discussed in this section. Since a modulation of the
wind stress affects the components of the MTF in dif-
ferent ways, additional numerical simulations had to be
carried out.

A theoretical description of the different source terms
describing the response of the wave spectrum to changes
of the friction velocity was given by Smith [1990]. How-
ever, this theory is quite unwieldy and includes several
parameters which are not well known. Therefore the fol-
lowing theoretical considerations are still based on the
simplified action balance equation with a linear source
function as given by (49)-(51).

Measurements of the wind stress modulation over
long waves in the vicinity of FPN have been carried
out by Stolte [1984, 1991], using fixed tower-based
anemometers as well as anemometers carried by a spe-
cially developed drift buoy. The intensity as well as
the phase of the friction velocity modulation show a
great deal of scatter and seem to depend on sea state
as well as on wind speed. Therefore we introduce a
sinusoidal wind stress modulation and consider its am-
plitude and phase as free parameters. These parame-
ters may be tuned in such a way that the best agree-
ment between the theoretical and the measured ocean
wave-radar MTF is obtained. We define the wind stress
modulation transfer function by

P

%:iMu_(K)g(K)

(us

(53)

The friction velocity u, enters into the relaxation rate
¢ as well as into the local equilibrium wave height spec-
trum. Figure 9 shows how p and Ej as given by Hughes
[1978] and by Bjerkaas and Riedel [1979], respectively,
vary with deviations of u, from its mean value at a wind
speed of 5 m/s.
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Figure 9. Relative variation of (a) the relaxation rate,
4, and (b) the equilibrium wave height spectral density,
Ey, for waves with wavelengths of 0.01, 0.1, and 1.0 m,
with variations of the friction velocity, u, around its
mean value for a wind speed of 5 m/s.

Our simulation results suggest that the wind stress
MTF as defined by (53) depends only weakly on K,
that is, that the wind stress modulation is propor-
tional to the slope rather than to the height of the long
waves. Furthermore, the phase of the wind stress mod-
ulation appears to be approximately 30° to 60° ahead
of the long-wave crest, which roughly corresponds to
the region of maximum surface roughness due to pure
hydrodynamic modulation. This might indicate that
the wind—wave modulation is associated with a positive
feedback mechanism in which the local friction velocity
is coupled to the local surface roughness: An increase
of the surface roughness due to hydrodynamic modula-
tion causes an increased friction velocity, which in turn
results in an increased local equilibrium spectrum. The
largest wind stress modulation is required in the simula-
tions for low wind speeds. The best agreement between
simulated and measured MTF's for the 5 m/s wind case
is obtained if the modulus of the wind stress MTF is set
to 9 and its phase to 45°. The resulting “optimized”
model MTFs for C and X band are shown in Figure 10.
Note that the difference between the predicted resid-

9799
20 20
g 15| CHH 0 15 W
2 0000 2
2 E 00, 0 0p0°
0 U1 T e é 1 g, o
5 5J ________________ o 5 54 [¢]
0 +———— 0+
005 015 025 035 005 015 025 035
90 90
") )
o 454 o 454
3 ------------ B ~DO°°900690_ o °
0 1—=Loo%gpu—-0_ 0 °
[} 09 0 w
0 0
< -45 < 45 -
o a ({ b
-90 4 -90 +——————
005 015 025 035 005 015 025 035
LONG WAVE FREQ [Hz] LONG WAVE FREQ [Hz)
20 20
0 15 ] XM 0 15X,
3 o u]
2 ~2___° 2
3 ] L 3 ] i —
[s]
S I g s .0
0 . — 0 . .
005 015 025 035 005 015 025 035
90 90
[m} (]
g 45 - ¢ 45| -
I S| 8 o o
\Q\—
W 0 Or——- 0 =
0o W
0 0
< 45 - < 45 -
i c x d
-90 +—— -90 +——— —
005 015 025 035 005 015 025 035

LONG WAVE FREQ [Hz] LONG WAVE FREQ [Hz]

Figure 10. Same as Figure 8, but after inclusion of
the best fit wind stress modulation in the three-scale
model.

ual MTFs for HH and VV polarization becomes smaller
with increasing wind stress modulation. This implies
that the large measured differences cannot be explained
by this modulation mechanism.

5. Discussion and QOutlook

An improved three-scale composite surface model for
the modulation of the backscattered radar power from
the sea surface by long ocean waves has been devel-
oped. The model includes the hydrodynamic modula-
tion of intermediate-scale waves (wavelengths between
the length of the Bragg waves and the length of the
long waves which are resolved by the radar) by the long
waves, as well as it includes the hydrodynamic modu-
lation of the short Bragg waves by the entire spectrum
of longer waves. The long and intermediate-scale waves
affect the radar backscatter by second-order geometric
and hydrodynamic modulation which depends on the
local mean square facet slope. It was also shown that
the mean hydrodynamic modulation of the Bragg waves
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by the longer waves, which causes an upwave / down-
wave (or upwind / downwind) asymmetry of the radar
backscatter, gives a significant contribution to the radar
backscatter at high microwave frequencies. This con-
tribution has not been taken into account in previous
three-scale composite surface models. In addition, our
numerical implementation of the proposed model allows
an optional inclusion of additional modulation mecha-
nisms such as a modulation of the wind stress over long
ocean waves.

A comparison between ocean wave-radar modulation
transfer functions (MTFs) obtained from the proposed
model and from tower-based scatterometer measure-
ments has been carried out. It was shown that basic
features of the measured MTF's are better reproduced
by the three-scale model than by conventional theory.
In particular, the measured differences of the phases and
magnitudes of the “hydrodynamic” or “residual” MTFs
for HH and VYV polarization can be explained at least
qualitatively by the three-scale model, whereas the con-
ventional model predicts no difference at all. However,
while the phases obtained from the proposed model
agree quite well with our experimental results, the mag-
nitude of the “residual” MTF for high microwave fre-
quencies still appears to be underestimated. This indi-
cates that additional modulation mechanisms must be
present.

It was demonstrated that the agreement between
model results and measurements can be significantly
improved by including a modulation of the wind stress
over long waves in the hydrodynamic part of the pro-
posed model. However, experimental evidence of this
kind of wind stress modulation does not yet exist. Fur-
thermore, the large measured differences between the
“residual” MTFs for HH and VV polarization very
likely cannot be completely explained within the frame-
work of the proposed model.

The next step toward further improvement of the the-
ory should be a comprehensive analysis of the model re-
sults under different environmental conditions. In par-
ticular, the dependence of the discrepancies between
model predictions and experimental results on wind
speed, wave height, and on the form of the wave height
spectrum must be investigated in more detail. In addi-
tion, we know now that the ocean wave-radar modula-
tion mechanism is more complex than expected from
conventional theory. The backscattered radar power
is affected not only by the first-order modulation of
the Bragg waves but also, to a considerable extent,
by variations of the entire wave spectrum. There-
fore, detailed knowledge of the modulation of the short
and intermediate-scale waves is required, which cannot
be obtained only from the scatterometer data. High-
resolution methods like stereo photography appear to
be better suited for such measurements. Also, the wind
stress variations over long ocean waves need to be in-
vestigated in more detail. The major question to be ad-
dressed by such experiments is whether the remaining
discrepancies between model predictions and measure-
ments of the ocean wave-radar MTF can be attributed

ROMEISER ET AL.: OCEAN WAVE-RADAR MODULATION TRANSFER FUNCTION

to the hydrodynamic part or to the radar part of the
existing model.
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