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Abstract. In this paper we use results of microwave backscattering experiments
over the past decade to attempt to present a coherent picture of the ocean wave-
radar modulation transfer function (MTF) based on composite surface theory,
short-wave modulation, and modulated wind stress. A simplified relaxation model
is proposed for the modulation of the gravity-capillary wavenumber spectrum by
long waves. The model is based on the relaxation rate and the equilibrium gravity-
capillary wavenumber spectrum. It differs from previous models by including all
airflow modulation effects in the response of the equilibrium spectrum to changes
in the airflow. Thus the explicit modulation of individual source functions such
as wind input, short-wave dissipation, and nonlinear interactions need not be
known in order to calculate the hydrodynamic MTF. By combining this new
model of the hydrodynamic MTF with microwave measurements, we attempt to
determine wind shear stress modulation caused by the long waves. In order to
extract the hydrodynamic MTF from the microwave data, we remove tilt and range
change effects from the measured MTFs using the published analytical forms for
these effects. Our results show that the inferred hydrodynamic MTF is higher
for H polarization scattering than for V polarization. Since this is impossible if
we have obtained the true hydrodynamic MTF, these results strongly indicate a
problem with composite scattering theory as it has been traditionally applied. One
explanation for this result may be the effects of intermediate-scale waves suggested
by Romeiser et al. (1993). Since these effects are much stronger for H polarization
than for V polarization, they may explain our observed discrepancy and, if so,
imply that V polarization return should yield an acceptable upper limit for the
true hydrodynamic MTF. Thus we incorporate our V polarization results into the
proposed model to estimate an upper limit for the wind shear stress modulation
along the long-wave profile. We infer that the primary source of modulation of
Bragg resonant waves depends strongly on Bragg wavenumber and windspeed. For
low values of these quantities, straining by long-wave orbital velocities dominates
the modulation process, while for higher values modulated wind stress becomes
increasingly important. Our calculations indicate that wind stress modulation
dominates the process for 3 cm Bragg waves at moderate to high wind speeds.

1. Introduction

Active microwave systems are powerful tools with
which to observe dominant ocean surface waves since
the instruments can be mounted remotely in various lo-
cations such as sea-based platforms, ships, aircraft, or
satellites. One method of detecting dominant waves is
through the modulation transfer function (MTF), orig-
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inally introduced by Keller and Wright [1975] and de-
fined as a linear frequency response function where in-
put is the long-wave orbital velocity normalized by the
long-wave phase velocity and the output is the AM part
of the radar return normalized by its mean.

Several field measurements of the MTF have been
performed mainly from research platforms [e.g., Wright
et al., 1980; Plant et al., 1983; Keller et al., 1985;
Schroter et al., 1986; Keller and Plant, 1990] where
the long-wave orbital velocity is determined from the
FM part of the radar return and is correlated with
the AM part, yielding an estimate of the MTF. Al-
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though qualitative features of the MTF are consistent
in all measurements and fairly well understood, quan-
titative agreement between different experiments has
not been well confirmed, mainly because the MTF de-
pends on so many parameters (e.g., microwave length,
radar polarization, incidence angle, wind angle, wind
speed, long-wave angle, long-wave frequency, long-wave
mean square height/slope, air-sea temperature differ-
ence, etc.) and every experiment covers a slightly dif-
ferent regime.

According to composite surface theory the MTF con-
sists of three components, that is, hydrodynamic MTF,
tilt MTF, and range-change MTF [Plant, 1989] where
the hydrodynamic MTF is the modulation of the wave-
number spectrum at the Bragg resonant wavenumber,
and the latter two components are purely geometric ef-
fects due to the motion of the illuminated surface rel-
ative to the radar. If the shape of the wavenumber
spectrum around the Bragg wavenumber is given, it is
straightforward to subtract the two geometric effects.
The resulting hydrodynamic MTF is evidently a better
quantity to use for comparison between different exper-
iments since it only depends on the Bragg wavenumber
and environmental conditions and not on the configu-
ration of the microwave system.

The hydrodynamic MTF is of scientific interest since
it directly indicates how the short wind wave spec-
trum is modulated by long waves. This modulation not
only affects a wide variety of active microwave systems
[Plant, 1989] but is also crucial to understanding mo-
mentum transfer across the air-sea interface and thus
to the development of waves and currents. The hydro-
dynamic MTF was first derived theoretically by Keller
and Wright [1975] on the basis of the transport equation
for the energy spectrum. They were followed by Alpers
and Hasselmann [1978], who used the wave action con-
servation equation. Later Wright et al. [1980] indicated
the importance of the shear stress modulation along the
long-wave profile when the short-wave growth rate is
large relative to the long-wave frequency. Smith [1990]
also postulated the importance of shear stress modu-
lation but also included the modulation of gravity and
the shear current in his work. Quantitative compar-
ison between these theoretical predictions and experi-
mental results is not straightforward, however, because
the models contain so many unknown parameters, in
particular the nonlinear wave-wave interaction and the
nonlinear dissipation rate of short wind waves and their
modulations due to long waves are virtually unknown.

In this paper we first rederive the form for the hy-
drodynamic MTF based on composite surface theory
(section 2.1) and present a simplified relaxation model
based on the idea of an equilibrium wavenumber spec-
trum (section 2.2). According to this model the hy-
drodynamic MTF can be estimated without detailed
knowledge of nonlinear wave interaction or wave dissi-
pation as long as the relaxation rate and the equilibrium
wavenumber spectrum are known. In section 3 we cal-
culate the hydrodynamic MTF using X band microwave
return from both the Marine Remote Sensing Experi-
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ment (MARSEN) and Synthetic Aperture Radar and X
Band Ocean Nonlinearities (SAXON) - Forschungsplat-
form Nordsee (FPN) experiments and examine whether
the results are consistent between vertical (V pol) and
horizontal (H pol) radar polarizations, among different
radar incidence angles, and between the two experi-
ments carried out more than a decade apart. We will
show that the hydrodynamic MTF derived from H pol
return is significantly larger than that of V pol. Possible
reasons for the observed deviation are discussed. Next
in section 4 the modulation of wind shear stress along
the long-wave profile is estimated on the basis of the
proposed relaxation model and the observed hydrody-
namic MTF of X band V pol return for both normally
and obliquely incident waves and wind. Finally, in sec-
tion 5 the hydrodynamic MTF from the Gulf of Mex-
ico experiment is shown to be significantly larger than
those from MARSEN or SAXON-FPN under neutral to
stable atmospheric stratification. We suspect that the
presence of surface contamination is the source of the
difference.

2. Definition and Derivation of the MTF

2.1. Definition of the MTF and Geometric
Effects

In this section we first summarize some of the def-
initions related to the modulation transfer function
(MTF), following Plant[1989]. The underlying assump-
tion is that both the long waves and the resulting mod-
ulation of the radar return are small perturbations and
that they are linearly correlated. Past field observations
indicate that this is a good approximation in many nat-
ural ocean conditions, and the concept of the MTF has
proved to be very useful in various radar remote sensing
techniques. Of course the linear assumption eventually
breaks down as the nonlinearity of the long waves in-
creases, in particular with the presence of wave break-
ing. Therefore caution is required when the concept is
applied to a high-sea state. In the following derivations
we use the linear long-wave theory and all the second-
order terms are neglected.

Let us define (z, y) as horizontal coordinates, z as a
vertically upward coordinate measured from the mean
water level, and ¢ as the angle measured from the pos-
itive z axis in the counterclockwise direction. We set
the antenna look direction to be in the positive = di-
rection (¢ = 0) and the center of the illuminated area
at £ = y = 0. The water depth, the antenna incident
angle, and the antenna height are denoted by d, 0, and
h, respectively. The wind direction (from which wind
blows) is denoted by ¢,,4 and the wave direction (from
which long waves propagate) by @, both angles being
measured counterclockwise from the z axis.

The horizontal long-wave orbital velocity U at the
ocean surface and the microwave radar return P are
now written in terms of the Fourier series

U=> U(Q)e™ (1)
2
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and _ ‘
=P+ PQ)™ (2)
Q
where Q is the discrete angular frequency and the over-
bar denotes the time average. Then the MTF m and
the coherence v? are defined as

C(Q) Gpu(9)
m(®) = <5 G ®)
and
___ Gru(@))?
7A(Q) = GUU(’;SGPP(Q) (4)

where C is the long-wave phase velocity based on the
linear theory. The one-sided cross-spectral (autospec-
tral) density is defined as

Gpy = 2T < PU* > (5)

where T is the time record length, angle brackets are
the ensemble average, and asterisks denote the complex
conjugate.

The derivation of the MTF based on composite sur-
face theory has been reported in many places including
Plant [1989]. We start from the assumption that the
microwave return in the intermediate incidence angle
range is mostly due to Bragg scattering, an assumption
we believe to be amply justified at low to moderate
winds by past studies [Keller and Plant, 1990]. Let us
define the folded two-dimensional short-wave wavenum-
ber spectrum as

P(k,¢) = F(k,¢) + F(k, ¢+ ) (6)

where k is the wavenumber and F is the conventional
wavenumber spectrum. Then the beam-limited radar
return power without the long-wave modulation is

(7

where the normalized cross section o, is

0, = 167kiT(0)y(k = 2k, sin 0, ¢ = 0) (8)
and the illuminated area is
R2®y ®y
== - 9
4 2cosf )

The range between the antenna and the sea surface is
denoted by R;, the microwave wavenumber by k,, and
one-way, half-power, full-width antenna beamwidths in
the vertical and horizontal by ®y and ®y, respectively.
The Bragg scattering geometric coefficient I' is approx-
imately

cos? §(1 4 sin? 0)?

re) = (cosf +0.111)% (10)
for vertical polarization and
4
T(0) = cos” 0 (11)

(0.111cos 8 + 1)*

for horizontal polarization for a dielectric constant of
81, which is appropriate for the sea surface over a wide
range of microwave frequencies [Plant, 1989, 1990].
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To the leading order the modulation of the return
power due to long waves, denoted by 6P, is then

5P 69 1 koY
T - ¢+(I‘d0+t no+ 4 0¢8L>60
2 18¢
- EéRi + (E—&f)) ¢ (12)

where 87 is the hydrodynamic modulation of the folded
wavenumber spectrum at the fixed resonant wavenum-
ber, that is, at £ = 2k,sinf and ¢ = 0. Here we
have used the fact that the quantity without the long-
wave modulation is equal to the time-averaged quantity
to the leading order. The time average of the folded
spectrum % and its derivatives are also evaluated at
k = 2k,sinf and ¢ = 0. The perturbation éR;, 60,
6¢ are further related to the long-wave height ¢ and its
derivatives by

SR, _ ¢
=9
50=-5 (14)
1
6¢ = “tan6 9y (15)

again to the leading order.
Let us write the long-wave orbital velocity as

U= Z 0(Q)ei(K COS PuwoT+K sin ¢y, y+8020)
Q

(16)

which reduces to (1) at the center of the illuminated
area ¢ = y = 0. On the basis of the linear theory the
wavenumber of the long waves K is related to Q by

(17)

and the long-wave height ¢ and its derivatives at z =
= 0 are given as

U tanh K d
(= Z

Q% = gK tanh Kd

(18)

Z i COS ¢y tanh K d e (19)

Z —isin ¢y tanh K d ¥ (20)

Substituting (12)-(15) and (18)—(20) into (3), we obtain
the total MTF which consists of three parts:

m=m'+m, —imy (21)
where co
m = =% (22)
¥ Guu
tanh Kd
M= T Kh (23)
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140 g+ k2P
Tdo """ T tang g ok

X tanh Kd cos ¢y,

( 1 10y
tan ¢ 9¢
Complex notation is used to conveniently keep track
of phase: The positive real part is in phase with the
long-wave height and the positive imaginary part is 90°
ahead of the long-wave height. The first term m' in (21)
is the hydrodynamic MTF and corresponds to the mod-
ulation of the folded wavenumber spectrum of Bragg
resonant waves. Therefore this quantity depends only
on the resonant Bragg wavenumber and other environ-
mental conditions. The second term m, (height MTF)
is due to the modulation of the range between illumi-
nated area and the radar. This term is real and negligi-
bly small in most cases. The last term i m; (tilt MTF)
appears because the effective resonant wavenumber is
modified by the slope of long waves. This quantity is
purely imaginary and depends on the radar polarization
and on incidence angle, as well as on the derivatives of
the folded wavenumber spectrum. Both m, and m; are
purely geometric effects.

In order to calculate the tilt MTF, it is necessary
to introduce the functional form of the folded wave-
number spectrum 1. Comprehensive measurements of
the wavenumber spectrum of short wind waves in a
wave tank have recently been performed by Jihne and
Riemer [1990]. Their results show that the slope of
the wavenumber spectrum is roughly between k=35 and
k=% in all directions for wind speed between 2.7ms™!
and 17.2ms~ ! and for k ~ 3cm™! (X band). On the
other hand, the directional spreading varies significantly
for different wind speeds and wavenumbers. We there-
fore assume the following form of the folded spectrum

.

) tanh Kd sin ¢y (24)

Yo k™ a4+ (1 —a)cos? (¢ — pua)]

where —n is the power of the slope of the spectrum and
« is the measure of the directional spreading. These
two parameters are allowed to vary within the following
ranges:

(25)

35<n<5, 01<a<1 (26)

in the subsequent analyses. Introducing (10), (11), and
(25) into (24), the tilt modulation is calculated to be

= 3tan0+4sin0c050 4sinf
t 1+sin20 @ cosf+0.111
-z tanh Kd cos ¢ye
tan @

1 2(1— a)cosduwasingyg
tand o+ (1 — a)cos? ¢gyq
X tanh Kd sin ¢y, (27)

for vertical polarization, and
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my =

<—3tan0+ 0.444sinf  n )
0.111cos6+1 tanf
X tanh Kd cos ¢y
1 2(1— @) cosgygsindyg
(tanﬂ a+ (1 —a)cos? dya )
X tanh Kd sin ¢y,

(28)

for horizontal polarization. We note that the tilt modu-
lation becomes independent of the long-wave frequency
in deep water (Kd — o0). The dependence of m; on
the incidence angle has been examined in Alpers et al.
[1981] and Plant [1989] and is not repeated here. In
general, the first term (due to tilt .in the antenna look
direction) is dominant over the second term (due to tilt
perpendicular to the antenna look direction), and the
value of m; is negative in the range of n considered.
Only when both the wind angle and the wave angle are
close to £90° and the spreading factor « is small does
the second term become significant.

2.2 A Relaxation Model of the Hydrodynamic
MTF

Once the geometric effects are subtracted from the
total MTF, the remaining hydrodynamic MTF corre-
sponds to the modulation of the wavenumber spectrum
due to long waves. Past derivations of the hydrody-
namic MTF by Wright et al. [1980] and Smith [1990],
both of which include the effect of the modulated wind
stress, were based on the wave action conservation equa-
tion with three forcing terms, namely, wind input, dissi-
pation, and nonlinear interaction. In this approach the
proper evaluation of the hydrodynamic MTF in prin-
ciple requires the knowledge of all forcing terms and
their modulation due to long waves, some of which are
not available either theoretically or experimentally at
present. Here we present a slightly simpler derivation
of the hydrodynamic MTF and compare it with the for-
mer theories.

We start from the hypothesis that without long waves
the equilibrium wavenumber spectrum is determined
only by the wind shear stress [Phillips, 1985]. If for
some reason the spectrum is disturbed, it returns to the
equilibrium state with a certain relaxation rate. When
long waves exist whose wavelength is much larger than
the scale of the Bragg resonant waves, it is reasonable
to assume that the wavenumber spectrum tends to ap-
proach the local equilibrium, which is determined by the
local wind shear stress along the long-wave profile. The
generalized action conservation equation is then written
as

ANE) _ N ON 0o N 07
dt ot % ok Ok OF
= & [ [BEBEF®) + R @R

(29)

where k = IIZ| is the wavenumber of the short waves, w
is the intrinsic angular frequency, ¢ = w + k- U is the
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apparent angular frequency, = (w/k)F is the wave
action dens1ty, and ﬁ(k' L) is the relaxation rate of the
spectrum F(k) due to the deviation of F(k') from its
equilibrium Feq(k’) The second term &% - 2% is much
smaller than the first term and is neglected in the fol-
lowing discussion. For short waves propagating close to
the wind direction it is assumed that the effect of the
deviation of the spectrum at a different wavenumber is
negligible, that is,

B k) =~ o(k' — k)

where 6 is the Dirac delta function and the action con-
servation equation reduces to

(30)

dN(E)  w
dt  k
This assumption may not hold for waves propagating
perpendicular to the wind, since the nonlinear energy
transfer rate from different wavenumbers may over-
whelm the energy input rate from wind for those waves.
The model also excludes the possible effect of interme-
diate-scale waves which are larger than Bragg waves but
smaller than the modulating sources. Thus the model
should not be applied, for example, for parasitic capil-
lary waves which are strongly coupled with intermedi-
ate-scale waves.
Suppose the friction velocity u. is modulated by long
waves and is written as

Uy = Ux + Z Use (Q)emt
Q

Bl F (k) + Feg(k)] (31)

(32)

Then the actual wavenumber spectrum F' and the lo-
cal equilibrium wavenumber spectrum F¢, are also ex-
panded in Fourier series:

F=F+) F(Q)e™ (33)
Q
~ i _ F th
Feq = Legq +Z eq(Q)e 8U Z
Q *a
(34)
where F' = F,; = F.,(1.), and gg} = %—:"1 _ to first

order. By introducing (16), (33), and (34) into (31),
and evaluating it at ¢ = 0 or 7, it is straightforward
to show that the ratio of the Fourier coefficient of the
wavenumber spectrum divided by its mean is

F Ul [k OF ¢ y
F - {"c[(pak+ 1)C°S bus
18F B F,
+ T o4 COS Py Sln¢wv] —lﬁ*ﬁ‘q‘}

(35)

-1
X (1—-1’—5—)

to the leading order, where ¢ and ¢, are the phase and
the group velocities of the short waves, respectively.
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Unless the wind direction is appreciably greater than
zero, the spectrum of waves propagating against the
wind is negligibly small:

F(k,m) > F(k,0) (36)
that is,

%(k,0) =~ F(k, ) (37)

Therefore referring to the definition of the hydrody-
namic MTF, (22), we obtain

kOF ¢
I~ —_ —_—_ a8 2
m o~ { [<F8k+c )cos Dwo

L oF B (CGF,u

+ = F 8¢ COS¢wv S]n¢wv] 15 (FE{J—U—> }
g\~

X (1 - 15) (3)

evaluated at ¢ = 7. For the wind angle near £90° this
equation is also approximately valid if the derivatives of
F' are replaced by those of 4. This result for m’ should
be compared with the complex conjugate of those in
earlier papers [Keller and Wright, 1975; Wright et al.,
1980]. The definition of m, in (24) is also the complex
conjugate of that given in the earlier papers; it agrees
with the definition ¢ in Plant [1989]. The present defini-
tions of m’ and m; yield phase angles for m which are in
agreement with experimental definitions; that is, posi-
tive phase implies that maximum modulation leads the
crest of an approaching long wave. The square bracket
in (38) is the effect of straining due to the long-wave
orbital velocity. If the relaxation rate # is much larger
than the long-wave angular frequency €, the hydrody-
namic MTF m’ is approximately

!~ _CGr,u
“ 7 F Gyy

(39)
which is the cross spectrum between the local equilib-
rium spectrum and the long-wave orbital velocity. We
may rewrite mq, in terms of the cross spectrum be-
tween the friction velocity u. and the long-wave orbital

velocity U:
Cons_(CGur) (£90)
F Gyu i, Guu F du,

Moo = = -

where the second term is determined from the rate of
change of the mean wavenumber spectrum versus the
mean friction velocity.

In summary, the hydrodynamic MTF can be ex-
pressed in terms of the following four quantities: (1)
the dependence of F' (or %) on k and ¢, (2) the relax-
ation rate 3, (3) the dependence of F' on u, (or the
dependence of F¢, on u,), and (4) the modulation of u,
along the long-wave profile. No explicit forms of forcing
terms (wind input, nonlinear interaction, or dissipation)
appear in these expressions. From past measurements,
quantities 1 and 3 are fairly well understood. The re-
laxation rate 8 has been assumed to be either equal to
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or twice as large as the linear growth rate in past liter-
ature, depending on the form of nonlinearity of the en-
ergy input/dissipation rate. However, conclusive values
have not been obtained either experimentally or theo-
retically. Little is known about the last quantity, 4, for
dominant ocean waves, although some laboratory data
are available for shorter waves [Hsu et al, 1981; Hsu
and Hsu, 1983].

In order to compare our model with other theories,
we rewrite the forcing term of (31) in terms of the sum
of wind input, dissipation, and nonlinear transfer. Call
this sum B. Then,

dN (k)

w
—a = pBu)

(41)
Since we are only considering linear infinitesimal per-
turbations from the mean, the time averaged quantities
are equivalent to those in the equilibrium state, and
they must satisfy

0 = B(F,u.) (42)
Our relaxation rate 3 and the second term in (40) may
then be written as

OB
p=-—| (43)
F
u, 8F  u, OB
F 0w - pF ou.| (44)

For example, if the total forcing consists of a linear
growth rate §; and a nonlinear dissipation rate 8, of
nth power, then B is written as

B = f1(w)F — Bn(w)F" (45)
with the equilibrium condition that
0= B1(t.)F — Bn(u)F™ (46)
Referring to (43) and (44) we obtain
B=(n—-1)41(u) 47)

and
WOF _ (0 P
Fou, (n-1p (314* - du, u,=a, (49)

Thus the relaxation rate 8 is equal to the linear growth
rate 81 multiplied by n — 1, where n is the power of the
nonlinear term in B.

Let us now compare our formulation (38) and (40)
with past theories. Both Keller and Wright [1975] and
Alpers and Hasselmann [1978] have assumed that the
total forcing is proportional to the deviation of the spec-
trum from its mean; that is,

B =gy (F - F) (49)
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with 3; being negative and independent of u,. Then
the relaxation rate 3 is equal to —f3; and the right-
hand side of (48) is zero; the modulation of the spec-
trum disappears as 3 increases. Therefore these models
are unrealistic for strong winds. The effect of modu-
lated wind shear stress along the long-wave profile was
first incorporated by Wright et al. [1980], who solved
the coupled action conservation equations of Bragg res-
onant waves and much smaller capillary waves. After
examining the order of magnitude of each term, their
coupled equations were effectively reduced to the action
conservation equation of the Bragg wavenumber only,
with a linear growth rate B; and a quadratic dissipa-
tion rate B2 which is independent of u.,

B = f1(u)F — 6:F (50)
Then (47) and (48) are reduced to
B = pi(u.) (51)
and
@, OF i, OF,, o, 9f
F O, Feq Juy | B Qus | ( )

to first order. Thus the relaxation rate is equal to the
linear growth rate 8; and the additional forcing term is
directly related to the linear growth rate 3; as a func-
tion of the friction velocity u,. In general, the non-
linear term in B also depends on u.. As a result, the
linear growth rate (; and the equilibrium wavenum-
ber spectrum F,, may have different dependencies on
u, and (52) does not hold. Indeed Jikne and Riemer
[1990] have shown that F,, is proportional to u2* for
k= 025-1cm™!, and ul?® for k = 2-8cm™!, while the

linear growth rate is known to be proportional to ul®

[Larson and Wright, 1975] or u2-? [Plant, 1982] in the
same range of wavenumber.

Smith [1990] further incorporated the effect of the
modulated drift and apparent gravity in order to model
the total forcing B more accurately. If all the energy
input/output terms are properly evaluated, his model
will ultimately lead to the same result for the hydrody-
namic MTF m’ as our model. However, little is known
about the nonlinear transfer rate or the dissipation rate
of short wind waves at present. Therefore it is more
practical to use the idea of equilibrium spectrum and
the relaxation rate 8, rather than modeling all the in-
put/output terms and their modulations due to long
waves.

3. Total and Hydrodynamic MTF From
SAXON-FPN and MARSEN Data

3.1. Experimental Conditions

The MARSEN experiment took place in September
and October of 1979 at the German Forschungsplatform
Nordsee (FPN) in the North Sea. Both L band (at 12
m height) and X band (at 23/24 m height) microwave
systems were mounted with varying incidence angles.
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While some X band measurements were made with hor-
izontal polarization (H pol), most of the measurements
were performed with vertical polarization (V pol). Fur-
thermore, the H pol measurements made during this
experiment were not simultaneous with the V pol mea-
surements. We will not consider MARSEN H pol data
in this paper. Wind speed and direction were measured
at 43 m above the mean water level. Wave fields were
dominated by the locally generated wind waves, and the
measured wind direction and visually determined wave
direction were mostly within 30° of each other. The
air-sea temperature difference was always within +5°C.
Other details of the experiment have been reported by
Plant et al. [1983] and are not repeated here.

The SAXON-FPN experiment was performed in No-
vember, 1990 at the same research platform (FPN) as
MARSEN. An overview of the SAXON-FPN experi-
ment is given in Plant and Alpers [this issue]. Both
X band and Ka band microwave systems were mounted
at varying heights with the incidence angle near 45°.
Measurements were made with both V pol and H pol
simultaneously. In addition, a similar Ku band sys-
tem was operated by Massachusetts Institute of Tech-
nology. It has been confirmed that the results of X
band and Ku band are almost indistinguishable, and
those of Ka band are very similar [Keller and Plant,
1990; Plant et al., this issue (b)]. This is rather sur-
prising since the resonant wavenumber for Ka band is
roughly 9.5-12.6cm~! which is within the wavenum-
ber range of parasitic capillaries, and the modulation
mechanism can be quite different from the Bragg waves
at X band. One possible explanation is that the para-
sitic wave generation is significant only within a limited
range of wind stress (which is apparently true in wind-
wave tanks). Thus in the field environment where wind
stress is quite variable, the effect of parasitic wave gen-
eration may be overshadowed by direct generation by
wind in most cases. Based on these preliminary anal-
yses we present results only from the X band system
in this study. The air-sea temperature difference varied
between —8°C and +3°C and was mostly in the unsta-
ble to neutrally stable range. Wind speed and direction
were measured at 47 m height. Directional long-wave
spectra were measured by a Wavec pitch and roll buoy.
In general, the long waves between 0.1 and 0.15 Hz were
dominated by swell propagating from NW and were not
affected by the local wind. On the other hand, the long
waves beyond 0.25 Hz were mostly generated locally by
wind, and their direction was always close to the wind
direction. Between 0.15 and 0.25 Hz the direction of
waves varied between the wind direction and the swell
direction. In the following discussion we have defined
the wave angle as the average angle of waves between
0.25 and 0.375 Hz, and have excluded data when the
standard deviation of wave direction in this frequency
range exceeds 30°.

The analysis procedure is identical for the data sets of
both experiments. The long-wave orbital velocity (U) is
calculated from the FM part of the radar return signal
and the long-wave direction, which is determined visu-
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ally (MARSEN) or from the buoy data (SAXON-FPN).
The FFTs of the orbital velocity U and the return power
P are calculated from a 64 s record at 64 discrete fre-
quencies between 1/64 and 1 Hz. The product of the
Fourier coeflicients are then averaged for 20 consecu-
tive records in order to estimate the autospectral/cross-
spectral densities. Finally, the MTF and the coherence
are calculated according to (3) and (4).

In the following figures the results are further aver-
aged over the indicated ranges of different parameters.
The 95% confidence levels of measured quantities are
roughly estimated as

a(1—2¢) < a < a(l+ 2e) (53)
where @ is the estimated value, a the true value, and
€ the normalized random error [Bendat and Piersol,
1986]. The estimate of ¢ is given as

() = (] = 3] = (35 72) T a)

27%nq

for the amplitude or the real/imaginary part of the
MTF(m),

(4m) = U1 (55)
for the phase of m, and
e(3%) = [z(ir;TZ)] ’ (56)

for the coherence ¥2, where ng is the number of aver-
aged records. Although these are no more than rough
estimates of the confidence levels, they at least indicate
the relative accuracies of the estimated values.

In most cases the coherence function turned out to
be between 0.4 and 0.5 (sometimes between 0.3 and
0.6), which means roughly 40-50% of the modulation
of the gravity-capillary wave spectrum at a given fre-
quency is correlated with the corresponding long waves.
These were also typical values in the past measurement
of MTF in a field environment. Past analyses have sug-
gested that the uncorrelated part of the modulation
may be mostly associated with wind turbulence, that
is, the low frequency component of air flow turbulence
which is not correlated with the long waves but mod-
ulates the short gravity-capillary waves [Plant et al.,
1983]. In addition, the directional spreading and non-
linearity of the modulating long waves may reduce the
coherence.

Past studies of the MARSEN MTFs have shown no
dependence on the mean square long-wave slope/height
[Plant et al., 1983] and our present data do not seem to
vary with this parameter either. Such dependence has
been found in work in the Gulf of Mexico but only un-
der stable atmospheric conditions [Keller et al., 1985].
Since conditions in the North Sea in the fall, the times
of both MARSEN and SAXON-FPN, are generally neu-
tral to unstable, these two results seem to be consistent
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with each other. We were also unable to detect a depen-
dence of the SAXON-FPN MTFs on atmospheric sta-
bility over the range of stabilities which were obtained
during the experiment . Therefore neither stability nor
long-wave slope are restricted in Figures 1-12.

3.2. Comparison Between H pol and V pol

We first examine the results from SAXON-FPN. The
real and imaginary parts of the total MTF m and the
hydrodynamic MTF m’ are shown in Figure 1 and Fig-
ure 2 for both V pol and H pol and for different wind
speeds. Wind and wave directions are restricted to
within £30° of the antenna look direction (north). The
results are averaged between 0.25 and 0.3125 Hz in long-
wave frequency (f) and averaged for £0.5ms~! around
the indicated wind speed (Uyq). Within each range of
averaging the MTFs are found to be stationary in most
cases. The hydrodynamic MTF m’ has been calculated
by subtracting the range change modulation (23) and
the tilt modulation (27) or (28) from the measured to-
tal MTF m. Since we have allowed the parameters of
the shape of the folded wavenumber spectrum to vary
in (26), both the maximum and the minimum values of
the tilt modulation m; can be calculated. In Figures 2,
6-14 we show the hydrodynamic MTFs with both min-
imum m; and maximum m;, and the results from the
maximum m; are slightly shifted to the right. Note that
only the imaginary part is affected by the tilt modula-
tion.

We first notice that the “hydrodynamic” MTF m/’
is not the same when inferred from H pol measure-
ments as it is when inferred from V pol measurements.
Rather, the difference in the real parts is on the order
of 4 while that of the imaginary parts is on the order
of -4. The imaginary parts, however, are close to zero
in both cases, which implies that the difference in the
magnitudes of the hydrodynamic MTF at the two po-
larizations is nearly the same as that of the real parts.
Since the range change MTF is small and tilt affects
only the imaginary part of the MTF, this difference in
the real parts is a direct result of the measurement, not
of the subsequent removal of geometric effects. Since
the hydrodynamic MTF corresponds to the cross spec-
trum of the wave orbital velocity and the wavenumber
spectrum of the Bragg resonant waves, it should not
depend on polarization if the underlying theoretical as-
sumptions are correct. These results therefore suggest
that the MTF of at least one of the polarizations cannot
be explained by composite surface theory as convention-
ally applied to MTF calculations. This result contrasts
with Plant et al. [1983] where they conclude from the
MARSEN data that composite surface theory explains
the observed differences between H and V pol MTFs
rather well except for a slight phase mismatch. How-
ever, as we pointed out above, measurements at these
different polarizations were not made simultaneously
during MARSEN. Furthermore, the results of Jihne
and Riemer [1990] were not available in 1983 so the
shape of the short-wave equilibrium spectrum near the
X band Bragg wave was poorly estimated by Plant et al.
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cles represent V polarization (pol), crosses represent H
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[1983]. Thus we feel that the present results are more
accurate and that the same hydrodynamic MTF cannot
be derived from simultaneous measurements of H and
V pol MTFs using the conventional application of com-
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posite surface theory. We must therefore attempt to
determine the cause of this failure of composite surface
theory.

Let us first confirm that the FM part of the return
indeed corresponds to the Doppler shift due to the long-
wave orbital velocity. In Figure 3, long-wave frequency
spectra calculated from the FM part of the return are
plotted for both H pol and V pol. The conversion from
the orbital velocity to the wave height has been done
based on the linear wave theory and using the wave di-
rection information from the buoy measurement. The
spectrum calculated directly from the buoy data is also
shown. Agreement among the three different measure-
ments is rather good for the long-wave frequency range
0.1 Hz < f < 0.35 Hz. (At higher frequencies the spec-
tra are underestimated by microwave systems since the
illuminated area becomes comparable to the wavelength
of the long waves, while the spectra at lower frequen-
cies are dominated by signal noise.) In particular, the
results of H pol and V pol are almost identical in this
range. This fact suggests that the microwaves are in-
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Figure 3. Wave height spectrum measured from H
pol radar (solid line), V pol radar (dashed line), and
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and N, is number of spectra averaged. SAXON-FPN
experiment.

deed scattered by surface features which are advected
by the long-wave orbital velocity for both polarizations.

We next examine how the observed microwave cross
sections compare with predictions of Bragg scattering
theory for a slightly rough surface. According to the
theory [e.g., Plant, 1990] the normalized cross section is
written as (8) with the Bragg scattering geometric coef-
ficient I' given in (10) or (11). Therefore the ratio of o,
of V pol to that of H pol is simply the ratio of the func-
tion T for V pol to I for H pol, which is 7.4 at 6 = 46°
and 4.7 at § = 40°. In Figure 4 the measured cross
section for V pol is plotted versus that for H pol, where
both measurements were performed simultaneously at
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-40 -30 -20 -10 0
NORMALIZED CROSS SECTION (V-POL) (dB)
Figure 4. Normalized cross section o, of H pol versus
that of V pol. The solid line is o,y /0oy = 4.7; the
dashed line is o,y /0oy = 7.4. SAXON-FPN experi-
ment. The 95% confidence interval is £0.5 dB.
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the same incidence angle 6 between 40° and 46°. As
detailed by Plant et al. [this issue (a)], 95% confidence
intervals for these values are about 0.5 dB when cal-
ibration and measurement uncertainties are combined.
The two lines in Figure 4 correspond to the ratios of 4.7
and 7.4. When the cross section is small, that is, the
wind speed is low, the measured ratio roughly follows
the theoretical prediction. For higher wind speeds the
H pol cross section is larger and/or the V pol cross sec-
tion is smaller than the prediction based on the Bragg
scattering theory by several decibels. This result is con-
sistent with Valenzuela [1978], who has found that the
V pol cross section agrees well with small perturbation
theory, while the H pol cross section is several deci-
bels larger in the same range of the incidence angle 6.
This discrepancy has been found to increase further for
larger 8. Although part of the discrepancy in H pol
cross section can be attributed to the effect of finite
mean square slope of long waves, Valenzuela has specu-
lated that other scattering mechanisms must take place
in H pol microwave scattering.

Recently Kasilingam and Shemdin [1992] and subse-
quently Romeiser et al. [this issue] have shown that the
presence of intermediate-scale waves, which are much
longer than Bragg resonant waves but shorter than the
modulating long waves, can increase the “apparent” hy-
drodynamic MTF appreciably. A similar idea involving
three-wavelength processes has also been proposed by
Thompson [1988] for the modulation of X band radar
backscatter by internal waves. The apparent hydrody-
namic MTF in Romeiser et al. [this issue] corresponds
to our definition of hydrodynamic MTF and is, perhaps,
better termed the “residual” MTF. According to their
calculation there are two major contributions from in-
termediate waves; one is due to the second-order tilt
modulation and the other is the cross correlation be-
tween tilt and hydrodynamic modulations. Both of
them are additional geometric effects associated with
observation by a microwave system, and the “true” hy-
drodynamic MTF (i.e., the modulation of the wave-
number spectrum at the Bragg wavenumber) is hardly
affected by intermediate-scale waves. They also show
that these effects are much stronger for H pol because
of the larger value of tilt modulations. Their model
is consistent with our observations and suggests that
our calculation of hydrodynamic MTF overestimates
the true hydrodynamic MTF, in particular for H pol.
Instead of subtracting the effect of intermediate-scale
waves from our observed total MTF, a procedure which
requires more unknown parameters such as the wave-
number spectrum and the MTF of the intermediate-
scale waves, we choose to use our estimate of hydro-
dynamic MTF for V pol in the following discussion to
attempt to infer modulated wind stress from the mea-
surements. We emphasize that our V pol values may
serve only as the upper limit of the true hydrodynamic
MTF and therefore that we may be slightly overesti-
mating the modulation of the wind stress also. Despite
this uncertainty as to the measured value of the true hy-
drodynamic MTF, we believe the following discussion is
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a useful analysis to understand the physical mechanism
of the hydrodynamic modulation of very short gravity-
capillary waves by long waves.
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3.3. Comparison for Different Incidence Angles

In the MARSEN experiment most of the data were V
pol, but the incidence angle 6 varied between 40° and
70°. Since the return power strongly depends on 8, the
magnitude of the tilt modulation m, varies with §. Al-
though the resonant Bragg wavenumber k = 2k, sin 0 is
also modified with 6, the slope of the folded wavenum-
ber spectrum ¥ is not likely to change significantly with
the slight change of the Bragg wavenumber k. There-
fore the hydrodynamic MTF should be roughly inde-
pendent of the incidence angle §. We show the total
and the hydrodynamic MTF in Figure 5 and Figure 6
for V pol and for different fs. As expected, the real
parts of both MTFs do not show any explicit depen-
dence on 8, while the imaginary part of the total MTF
is larger for smaller # when the wind is weak. As the
wind speed increases, this difference decreases. When
the tilt modulation is subtracted, the difference between
small and large s almost disappears in the intermedi-
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ate wind speed range (8-11 ms~!), which is consistent
with the theoretical predictions. For weaker wind the
subtraction of m; is not sufficient to eliminate the dif-
ference; there are two possible explanations for this. It
has been reported that the wavenumber spectrum has
a larger slope around k = 1-2cm™! when the wind is
weak [Jdhne and Riemer, 1990]. A similar dip was also
observed by Wright and Keller [1971] around & = 1-
3cm™!. Since the Bragg resonant wavenumber for this
experiment was k = 2.7-3.6cm™!, it was possible that
the actual slope of the spectrum was much larger than
that in (26), and that the slope of the spectrum was
larger for smaller £ (i.e., smaller ). Both possibilities
tend to decrease the observed difference of the imagi-
nary part of m’ between large and small incidence an-
gles. For strong wind the subtraction of the tilt mod-
ulation slightly overcompensates the difference of the
imaginary part of m’. This may indicate either that
the folded wavenumber spectrum has gentler slope or
that the return signal depends on scattering mecha-
nisms other than Bragg resonance. It is also possible
that the basic linear assumption is violated for such
strong winds.

3.4. Comparison Between Different
Experiments

To compare the results of MARSEN and SAXON-
FPN, we show the magnitude and phase of the hy-
drodynamic MTF for V pol from both experiments in
Figure 7. Agreement is reasonable except that the
MARSEN data show a lower MTF for strong winds.
The phase of m’ slightly decreases with wind speed but
is always near zero, indicating that the wavenumber
spectrum maximizes near the long-wave crest.

Recently, Miller and Shemdin [1991] measured the
hydrodynamic modulation of slope frequency spectra
between 13-26 Hz with mechanically generated waves
of 0.5 Hz. Although the long-wave frequency is differ-
ent, the observed phase of the frequency MTF (50° at
Uyq = 4ms~! decreasing to 0° at U,g = 10ms™1) is
roughly consistent with ours. The magnitude of the
frequency MTF first decreases with wind speed (4-5
at Upq = 4ms~! to 3-4 at U,y = 6.4ms~!) and
then increases (5--7 at Uyq = 9-10ms~!). They specu-
late that their frequency MTF is about one half of the
conventional hydrodynamic MTF, since the frequency
spectra include waves propagating in all directions, and
those propagating away from the long-wave direction
are modulated less by the long-wave orbital velocity.
Then their results at U,q = 4-6.4ms~! are consistent
with our observations, while those at U,q = 9-10ms—!
are much larger than ours. However, as the relax-
ation rate increases relative to the long-wave frequency,
the short-wave modulation becomes more uniform in
all propagation directions, as will be shown in section
4.2. Therefore, by our definition, for strong winds the
frequency MTF should be closer to the hydrodynamic
MTF. Miller and Shemdin’s observations then may be
consistent with ours even at higher winds.
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4. Estimates of Shear Stress Modulation
Along the Long-Wave Profile

4.1. Normally Incident Waves and Wind

In section 2 we derived the hydrodynamic MTF from
the relaxation model. Since we now have an experimen-
tal estimate of m/, it is in turn possible to estimate the
wind shear stress modulation along the long-wave pro-
file. Note that since we have not subtracted the effect
of intermediate-scale waves, our values of m' tend to be
the upper limit of the true hydrodynamic MTF.

Let us calculate mq, defined in (39) from (38) and
measured values of m’. Inside the square brackets of
(38) the derivatives of F' are first replaced by those of
¥ and evaluated using (25). The phase velocity ¢ and
the group velocity ¢, of the Bragg resonant waves are
calculated based on the linear theory. The relaxation
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rate 3 is first assumed to be equal to the wind growth
rate

2
Buwa = 0.04w (“7) | cos dual (57)
after Plant [1982]. This corresponds to the assumption
that the nonlinear term in the total forcing in the ac-
tion conservation equation is quadratic (see (47)). The
friction velocity u. is empirically related to the wind
speed Uyq based on the direct measurement of u, by
Siegfried Stolte during part of the SAXON-FPN exper-
iment. The results are shown in Figure 8. Recall that
M is related to the wind shear stress modulation along
the long waves by (40). According to Jihne and Riemer
[1990] the equilibrium wavenumber spectrum F,, is pro-
portional to u2® for the wavenumbers corresponding to
X band. Therefore m, is roughly 2.5 times the friction
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velocity modulation g:—%”(—;ui, or 1.25 times the shear

stress modulation %Q’—U-, where 7 = pu? and p is the
density of air. We denote the shear stress modulation
by m,, and its values are also shown on the right-hand
side of Figure 8.

For wind speeds larger than 10ms™!, my, is al-
most identical to m' shown in Figure 7, indicating that
the relaxation is much faster than the long-wave fre-
quency. This means that the modulation of the short-
wave spectrum is determined solely by the wind shear
stress modulation along the long waves. As the wind
speed decreases, the effect of straining due to the long-
wave orbital velocity becomes important. The magni-
tude of my, remains close to that of m', whereas the
phase of the my, gradually increases compared with
that of m’, indicating that the shear stress maximum
occurs slightly ahead of the long-wave crest. For wind
speeds less than 5 ms™1!, the magnitude of m, increases
rapidly. However, the growth rate 8 in this range is
so small that the accuracy of the m,, calculated from
(38) is questionable. We also show the results assuming
that the relaxation rate 8 is twice the wind growth rate
Buwa (i.e., the nonlinear term in the forcing term of the
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action conservation equation is cubic, see (47)) in Fig-
ure 9. Since the relaxation rate is larger, mq, and m’
are closer at low wind speeds. At intermediate to high
wind speeds the effect of increasing £ is small.

In Figure 7 of Wright et al. [1980] they show the mod-
ulated source function S,, which corresponds to fme
by our definition. Using the values of 8 = B4, given
in (57) of this paper, their results for the long-wave
frequency 0.30 Hz yield m,, = 11.3, 5.2, and 3.0 for
wind speeds Uyq = 6, 8, and 10ms™~!, respectively.
Except for the weakest wind the results are consistent
with ours.

So far measurements of the modulated wind shear
stress have not been conducted on the scale of domi-
nant ocean surface waves. On a laboratory scale Hsu
et al. [1981] and Hsu and Hsu [1983] have measured
the modulation of the turbulent momentum flux by me-
chanically generated waves of 1 Hz with wind speed
Upa = 1.37-2.92ms~!. Although the long-wave length
and the wind speed are much smaller than those of the
present study, it is worth noting that the laboratory
results for the phase of m, is always close to 90°, be-
ing somewhat consistent with our results for very weak
wind. The magnitude of m, in laboratory experiments
is estimated to be 4-6 if averaged over 0-5 cm from
the water surface, although m; decreases with height
rather quickly. Again, the order of magnitude seems to
be consistent with our deduced values.

We have also examined the results of the L band V
pol system from the MARSEN experiment. It has been
found that the calculated hydrodynamic MTF is inde-
pendent of the wind speed; its magnitude is around 4-5,
and its phase is close to zero. Since the Bragg wave-
number of the L band system is roughly 1/8 and the
relaxation rate is only 1/20 as large as those of the
X band system, the effect of modulated wind stress is
generally small relative to the modulation by long-wave
orbital velocity according to our relaxation model: The
observation is consistent with the prediction by the hy-
drodynamic model. It is desirable to obtain more data
at intermediate Bragg wavenumbers in order to confirm
our hydrodynamic model.

4.2. Obliquely Incident Waves and Wind

We next examine the case of wind and waves prop-
agating obliquely to the antenna look direction from
the SAXON-FPN data. As mentioned earlier, we ascer-
tained that the wind and wave directions are close when
the long-wave frequency is 0.25 Hz or higher. In the
following figures the wind angle is restricted to within
£30° of the wave direction. For very weak winds the hy-
drodynamic MTF m' is dominated by straining due to
the long-wave orbital velocity (square bracket in (38)),
which decreases to zero as the wave angle increases. As
the wind speed increases m’ approaches mq,. Since the
shear stress modulation along the long-wave profile is
independent of the antenna look direction, the phase of
Mo must be independent of the wave angle. Further-
more, the dependence of the equilibrium wavenumber
spectrum Fg, on the friction velocity u, is roughly in-
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Figure 10. (a) Magnitude and (b) phase of hydro-
dynamic MTF(m’) with maximum and minimum tilt
modulation, and (c¢) coherence. Results with maxi-
mum tilt modulation are slightly shifted to the right.
SAXON-FPN experiment. V pol. Circles represent
Uypd = 621 ms™!; crosses represent Upg = 12+ 1ms™1.
Here |¢wa — duwo| < 30°; 0.25 Hz < f < 0.3125 Hz. Er-
ror bars show 95% confidence level.
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Figure 11. (a) Magnitude and (b) phase of m., and
m;. Relaxation rate is equal to the wind growth rate.
Other conditions are same as Figure 10.

dependent of the wind direction [Jihne and Riemer,
1990]. Therefore the magnitude of my, should also be
roughly independent of the wave angle.

We first show the hydrodynamic MTF(m’) for dif-
ferent wave angles and for two wind speeds in Fig-
ure 10. For both wind speeds the phase of m’ de-
creases as the wave angle increases. The magnitude of
m' decreases monotonically at U, 4 = 6 ms™!, while it
remains almost constant up to ¢, = 60° at Uyq =
12ms~!, suggesting the increased effect of the wind
shear modulation. Although the coherence decreases as
the wind/wave angle increases, it remains around 0.3,
indicating that a significant part of the modulation of
the Bragg wave spectrum is still correlated with long
waves.

Next the estimate of mq, or m, with the assumption
B = PBuwd, given in (57), is shown in Figure 11. The
phase of my, is fairly constant as predicted, and the
magnitude of my, for U,y = 12ms~! is stable up to
bwy = 70°, while the magnitude for Uyg = 6ms™!
becomes unbounded for large wave angle because of
the small relaxation rate. For waves propagating off
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the wind direction the relaxation rate is not necessarily
determined by the wind growth rate only. In the ex-
treme case, nonlinear wave interactions transfer energy
so quickly among waves of different directions that the
modulation of the spectrum occurs uniformly in all di-
rections. In this case the relaxation rate is independent
of the propagation direction. We therefore calculate the
Mo (or m,) assuming that the relaxation rate is identi-
cal to the wind growth rate of normally incident waves,
that is, § = Bya (dwa = 0). The results are shown in
Figure 12. In this case the magnitude of ms, remains
fairly constant for both wind speeds. The phase of m,
for Uyq = 12ms™! also remains steady, although the
phase for Uyq = 6 ms™! decreases with ¢y,,. In reality
the relaxation rate is probably somewhere between the
two extreme cases examined.

5. Hydrodynamic MTFs From the Gulf
of Mexico
We next examine the data from the Gulf of Mexico

experiment which took place in November and Decem-
ber, 1978 (see Keller et al. [1985] for details). The
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Figure 12. (a) Magnitude and (b) phase of my and
m,. Relaxation rate is equal to the wind growth rate
at ¢yq = 0. Other conditions are same as Figure 10.
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Figure 13. (a) Magnitude and (b) phase of hydro-
dynamic MTF(m') with maximum and minimum tilt
modulation, and (c) coherence. Results with maximum
tilt modulation are slightly shifted to the right. Gulf of
Mexico experiment. V pol. Here |¢yy| < 30°; |fua| <
30°; 0.25 Hz < f < 0.3125 Hz; —18°C < AT < —6°C.
Error bars show 95% confidence level.

experiment was performed with a V pol X band mi-
crowave system at an incidence angle 0 = 45°. The
duration of the experiment was divided into two very
different regimes. When a cold front passed, the wind
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was mostly from the north and the air temperature rel-
ative to the water temperature, denoted by AT, was
between —18°C and —6°C. At other times the wind
was from between south and east, and AT was always
larger than —6°C. We first present the hydrodynamic
MTF and the coherence from the first regime in Fig-
ure 13. Both the magnitude and the phase are consis-
tent with the results from SAXON-FPN and MARSEN,
although the atmospheric stability is quite different. It
seems that the atmospheric stability does not affect the
hydrodynamic MTF appreciably under unstable condi-
tions. We have also ascertained that m’ is indepen-
dent of the mean square long-wave slope denoted by s
(see also Keller et al. [1985]). Next, the hydrodynamic
MTF and the coherence from the second regime are
presented in Figure 14. We first note that the hydro-
dynamic MTF from the second regime is much larger
and scatters significantly. It has also been observed
that m’ strongly depends on the mean square long-wave
slope s as is shown in Figure 14. When the long-wave
slope is relatively large, the results are rather close to
those in the first regime or in other experiments. As
the long-wave slope decreases, the magnitude of m’ in-
creases rapidly. This deviation seems to disappear for
the wind speed Uyq > 11 ms™! but becomes significant
for weaker winds.

From these observations we suspect the presence of
a unique environmental condition with the following
characteristics: (1) observed in the Gulf of Mexico but
not in the North Sea, (2) Observed only when the
air-sea interface is neutrally stable, (3) Observed only
when the sea state is low (i.e., mean square long-wave
slope is small), (4) Observed when the wind speed is
lower than 11ms~!. One strong candidate is the pres-
ence of surface contamination. It is well known that
surface films suppress the short-wave spectrum in the
gravity-capillary range. Since surface films cannot sur-
vive when the surface mixing is strong, items (2) to
(4) are qualitatively consistent. Furthermore, the lab-
oratory observations by Feindt (reported in Alpers and
Hithnerfuss [1989]) have shown that the effect of sur-
face films on the short-wave spectrum disappears when
the wind speed exceeds 12ms~!. Since the wavenum-
ber spectrum drops more rapidly with decreasing wind
speed when the film is present (see Figure 5 of Alpers
and Hihnerfuss [1989]), the magnitude of me, is ex-
pected to increase with films (see (40)). Physically,
near the trough where the wind stress is relatively small,
the enhanced dissipation by surface films is more effec-
tive in reducing the Bragg wave spectrum, while the
film effect is overshadowed by a stronger wind input
near the crest. This effectively emphasizes the contrast
between short-wave spectra at crests and at troughs,
thus increasing the hydrodynamic MTF. Surface films
may also influence the relaxation rate, the shape of the
wavenumber spectrum, and the wind shear modulation
along the long waves. In particular, it has been observed
that films strongly dampen a certain range of wavenum-
bers, resulting in a ‘dip’ in the short-wave spectrum.
Depending on the location of this dip relative to the

Bragg wavenumber, the slope of the spectrum Fk'%{' can
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Figure 14. (a) Magnitude and (b) phase of hydro-
dynamic MTF(m’) with maximum and minimum tilt
modulation, and (c) coherence. Circles represent 0 <
s < 0.002; crosses represent 0.002 < s < 0.004; aster-
isks represent 0.004 < s. Here —6°C < AT < 3°C.
Other conditions are same as Figure 13.

be either increased or decreased. For a more quantita-
tive analysis of the effect of films on the hydrodynamic
MTF, it is necessary to investigate independently how
the film may affect the relaxation rate 8, the wavenum-
ber spectrum, and the shear stress modulation along
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long waves. These will be the subjects of future inves-
tigations.

6. Concluding Remarks

A simplified relaxation model for the hydrodynamic
modulation of gravity-capillary wave spectra by long
waves has been proposed. The model is based on the re-
laxation rate and the equilibrium short-wave wavenum-
ber spectrum as a function of local wind stress; detailed
knowledge of the forcing terms, such as wind input, non-
linear wave-wave interaction, or nonlinear dissipation, is
not required. For longer gravity-capillary wavelengths
corresponding to L band, the model indicates that the
hydrodynamic MTF is primarily due to straining by
long-wave orbital velocities except perhaps at very high
wind speeds. This prediction of the model seems to be
supported by the MARSEN L band results. On the
other hand, for short wavelengths corresponding to the
Bragg wavelength for X band, the model indicates that
at moderate to strong wind speeds the hydrodynamic
MTF is mostly due to the wind shear stress modula-
tion and that the effect of straining by long-wave or-
bital velocity is weak. The model has been employed in
combination with X band microwave backscatter mea-
surements to estimate the wind shear stress distribution
along the long-wave profile. The results are qualita-
tively consistent with past laboratory studies, although
quantitative confirmation of our hydrodynamic model
will not be possible until reliable measurements of mod-
ulated wind stress in a field environment are performed.
The results at different wind-wave angles suggest that
the relaxation rate of short wind waves propagating off
the wind direction is larger than that estimated from
the wind energy input rate alone.

We have calculated the hydrodynamic MTF at X
band from past experimental data and compared the
results for different polarizations, incidence angles, and
locations. The magnitude of the hydrodynamic MTF
from H pol microwave systems has been found to be
larger than that from V pol, the difference being on the
order of four. This result indicates a problem with the
traditional composite surface-scattering theory as it has
been applied to MTF calculations. Romeiser et al. [this
issue] point out that geometric effects related to inter-
mediate-scale waves have been previously neglected in
MTF calculations based on composite surface theory.
Upon including these intermediate scales, they find an
increase of the apparent hydrodynamic MTF for H pol
return, in qualitative agreement with the present re-
sults.

Measurements at different incidence angles yield con-
sistent results for the hydrodynamic MTF for interme-
diate wind speeds, while the data scatter significantly
for very weak winds. The agreement between SAXON-
FPN and MARSEN experiments is reasonable except
for strong winds. While the hydrodynamic MTFs from
the Gulf of Mexico experiment agree with MARSEN
and SAXON-FPN measurements for unstable condi-
tions, near neutral stability they are much larger than

9783

those in other locations. We suspect that the existence
of surface films may be the source of this deviation.

In order to further our understanding of the modula-
tion of short wind waves due to long waves, it is neces-
sary to study independently how the wind shear stress
is modulated by long waves and how the wavenumber
spectrum adjusts itself to a new equilibrium state (re-
laxation rate). According to Gent and Taylor [1976] the
shear stress profile along long waves is sensitive to the
surface roughness distribution. Since gravity-capillary
waves are a major source of surface roughness, the mod-
ulation of gravity-capillary waves and the modulation of
wind shear stress are probably coupled together, rather
than one being determined by the other. Both experi-
mental and theoretical studies are needed to understand
this complicated physical process.

Finally, more studies are needed to understand the
effect of surface contamination on short wind wave dy-
namics since this seems to play an important role when
wind is weak.
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