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Backscatter of Microwaves from the Sea Surface and
the Modulation of Spectra of Short Gravity Waves*

Norivuki IWATA**

Abstract:

Backscatter cross-sections of microwaves from the sea surface are calculated by

using the facet model and are compared with JONSWAP °75 experimental results. The
principal features obtained are: (1) asymmetry of backscatter cross-sections between upwind
and downwind directions is attributable to the modulation of the short gravity-capillary wave
spectrum by a larger wave, and the non-Gaussian wave slope distribution has a tendency to
cancel this effect, (2) angular spreading of the energy spectrum in the higher frequency range
should have a narrower band than a simple cosine distribution, (3) the facet model itself should
begin to break down at a larger incident angle than previocusly supposed.

1. Introduction

Significant advances have been made in the
last three decades towards understanding the
basic phenomena involved in the scatter of
microwaves from the sea surface (RICE, 1951;
WRIGHT, 1966; BARRICK and PEAKE, 1967
(Chap. II); BASS et al., 1968a,b). From these
investigations it has been established that the
most important mechanism contributing to the
scattering of electromagnetic waves from the
roughned water surface is the Bragg or resonant
mechanism except for specular scatter, which
predominates when the incident angle remains
within near nadir angles.

In order to apply these results to the real
ocean, we must take into account the role
played by larger ocean waves which not only
tilt the roughned surface but also modify the
spectrum of short waves on that surface (VALEN-
ZUELLA, 1968; FUNG and CHANG, 1969). This
is the so-called composite rough surface model
and this general model may be further sub-
divided into two cases: (1) The large undulations
are larger in dimension than that of the illumi-
nated area so that within the beam of illumi-
nation the picture is a tilted perturbed plane.
(2) The large undulations are such a size that
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at least several undulations can be found within
the beam. The former is essentially the small
perturbation model. The latter is much more
complicated and has been approached in most
cases under a non-coherent assumption, i.e., the
contributions from the small irregularities may
be computed by summing powers from the large
undulations so that it is often called the wave-
facet model, The total contribution from the
composite surface i1s then taken to be that from
the large undulations plus that from the small
irregularities averaged over the large undulations.
Although it is desirable to deal with a coherent
model taking the slope distributions into con-
sideration, it is not practical because analysis
using the coherent model becomes very compli-
cated (CHANG and FUNG, 1973; Appendix IV).

In this paper the non-coherent, wave-facet
model is used and in order to compare our
results with CHANG and FUNG (1977) as well
as WENTZ (1978) we have imposed the follow-
ing restrictions on the model:

(1) the frequency of the emitted microwave
is 13.9 GHz (CHANG and FUNG, WENTZ),

(2) the dielectric constant of seawater is
assumed to be 40.1-i39.3 (WENTZ),

(3) the power spectrum of the small gravity-
capillary waves is taken from PIERSON
(1976) (CHANG and FUNG),

(4) the probability distribution function of the
ocean wave slope is taken from COX and
MuUNK (1954) (CHANG and FUNG),

(5) hydrodynamic modulation of the short
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gravity-capillary waves due to undulation is
assumed to be proportional to the slope of
the undulation (WENTZ),

(6) instead of numerical integration of Eq.
(8) the integrand is expanded in power
series and then integrated (WENTZ).

CHANG and FUNG (1977) allowed for the
kinematical tilting effect but did not take into
account the hydrodynamical modulation of short
gravitty-capillary waves and as a result they
attributed the asymmetry of backscatter between
upwind and downwind directions to the non-
Gaussian wave slope distribution. In contrast
WENTZ (1978) ignored this non-Gaussian distri-
bution and considered the hydrodynamical modu-
lation to be the principal factor behind this
asymmetry.

From the following numerical analyses it is
clearly shown that the asymmetry of the back-
scatter is due to the hydrodynamical nonlinear
interaction between an undulation and super-
imposed short waves and that the non-Gaussian
slope distribution has a tendency to cancel the
hydredynamical effect.

The second result obtained is that the angular
spreading of the energy spectrum in the higher
frequency range should have a narrower band
than that used in this paper.

The third and last conclusion to be drawn is
that the wave-facet model itself should begin to
break down at a somewhat larger incident angle
than Wentz’s estimated value.

2. Backscatter cross-section

It is widely accepted that except for angles
near normal or near grazing incidence the general
features of microwaves reflected from the sea
surface can be explained well by the lowest-
order Bragg scattering theory, i.e., according
to the electromagnetic scattering perturbation
theory, the backscatter cross-section per unit
area of the surface is given by

o'k =TO)LF2E)+F(—2k)] (1)

where ki=(k?, k;') denotes wave number of
incident microwave and T(#) is a function of
polarization and incident angle 8,

T(0) =4rk* cos* 8larp,|? (2)

where for horizontal and vertical polarization

p=H and p=V respectively, so that

e—1
THEZ s 04 Ve—sin®6]? (3)

o (e—1)[e+(e—1) sin?d]
"7 [ecos 8+ ye—sintd]?

(4>

where k=|k?|, € is a complex dielectric constant
of the sea water and F(kz) shows ks component
of a two-dimensional ocean surface wave spect-
rum.

For electromagnetic waves, the ocean surface
appears frozen, so that not only F(kg) but also
F(—ks) contributes to the backscatter cross-
section, independent of the direction of propa-
gation of the ocean wave. For X-band electro-
magnetic waves, the following form of a direc-
tional spectrum of the sea surface roughness
for the so-called MITSUYASU and HONDA (1974)
range is taken (PIERSON 1976: pp. 304-308)

F(kB)+F(—’CB)=S(kB)

S4(kB)
T or [1 +2

-R
1R ® 2¢]’
k>ks>0.942 (5)

Sa(kz)=0.875(2z)#~
{1 + 3( km
kBl:ng{l 4_(_]?7;_)2}]2;

X

where

Fig. 1. Diagram of the coordinate system.
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0. 684

Uy

Zp= +4.28x 1079 2,2 —4.43x 1072,
where ¢ is azimuth angle refered to the upwind
direction as shown in Fig. 1 {m;?), {(n,?) represent
slope variance in the upwind and crosswind
directions respectively. The notation ¢ is the
surface tension, uy is the friction velocity of the
wind and k. is the wavenumber at the intersection
point of the above spectrum Si(ks) and the
following spectrum for the COX viscous cutoff
range (PIERSON and STACY 1973; pp. 48-53)
Wy Kon

Ss(QB)"’"'é";“ gl

(7>

For X- or Ku-band of radar frequency we find
that for almost all significant cases k.>ks so
that we can ignore all the other parts of the
ocean wave spectrum except Si(kz).

To include the tilting effect of an undulation
it is necessary to take into account the variation
of the incident angle as wel as of polarization
relative to the local scattering plane (electro-
magnetic modulation) and also the modulation
of the short wave spectrum due to undulation
(hydrodynamic modulation).

If p(mi, n2) represents the probability density
distribution of large scale wave slope 7,=0{/0x,,
the scattering cross-section in the wave-facet
model is given by,

o= S THLF k)
+F(—ZEi)JP(ﬂ1, no)dmdn: (8)

where the tilde denotes quantities defined with
respect to the local large-scale wave. The func-
tion T(#) shows modification T(6) through 0—0
and k;—k; in addition to a rotation of the
polarization axes (see Fig. 1).

If we take coordinate axis on the undisturbed
sea level with the z axis vertically upwards and
the z-axis along the upwind direction as shown
in Fig. 1, we have (WENTZ 1978; pp. 3-6)

T(#) =4kt cos*d (n-N)
x Sis(ki, Es: —kq, Ee; m) (9)
Sislkei, Ev; — ki, Eg; n)

=|(Ei-ev)(Es*-er)dvy
+(Ei'€n)(Es*‘€h)dHH|2 (10}

where k; is an incident propagation unit-vector,
and F; and FE; are the incident and scattered
polarization unit-vectors,

_kxN - kixn
k.xN|> " kixn| (11)

Er=k;xExqy , eV=k¢X€n

E;=

and dyp is given by (3) and (4) when @ is replaced
by @, i.e., the local incident angle refered to
the large-scale wave surface. The symbol N
denotes a unit vector normal to the mean sea
level, whereas n is unit vector normal to the
local large-scale wave surface. From the above
definition it turns out after simple algebra that

Spwulk:, En; —ki, Ex; n)
=||Ey-entdrv+ | Ex-en|’dnn|® (12)
Syvki, BEv; —ki, Er; n)
=||Eg-en|*d@vy+ | Ev-en*drn|® (13)
When we refer to the coordinate axis as shown
in Fig. 1, we get

1
Y, e e

ki=sin 8 cos ¢i-}-sin @ sin ¢f —cos N  (15)

(—mi—mj+N) (14

By substituting # and k; in (11), we obtain,

Ev°en=%["2 cosp—nysing]  (16)

Eneen= % [sin @ —cos &(n2 sin ¢+ 71 cos ¢)]
an
D?=5in20 +cos?@+ (1,24 n2?)

—sin 20+ (a1 cos ¢+ ns sin @)
+sin?f+(n; sin ¢—mny cos @) (18)

and

1

V1+n2+n?

X [(1my cos ¢+nqsin @) sin f+cos 8] (19)

cos =

sin Bf—"'——Df—' 0
1+ n2+ns?
We can see that 7#) is a function of incident
angle 6, azimuth angle ¢ and the slope of the
large-scale wave m, 7no.

The probability density function of a large-
scale surface wave slope p(m#n:) is assumed to
be given by (COX and MUNK, 1954),

(200



46 IwATA

40 e
plny, n2)= 27:«/@;%7#72;56 tatezbv®y (219

— .

‘/<n 2> yv= N 22)

QU v)=ap® —1) + cop(p—3)
+ (vt — 62+ 3y + a0 —1)(p2—1)
+os(pt—6u7+3) @23
where

1= —l(0.0l —0.0086U),

2=

(0.04--0.033U)

CD’H o

>l
bt

C3= 5 C4=0.03, =

24
{m®=3.16x1073U,
{me?»>=0.003+1.92x 10730

where {m;%) is the slope variance in the upwind
direction, and {n.?) is in the crosswind direction.
It must be noticed, however, that the wind
velocity on the right-hand side is in meters per
sec and at an altitude of 12.5m above the sea
level, whereas in (6) it is represented in c.g.s.
units.

The backscatter cross-section in the wave-
facet model can be rewritten as,

"= % g’f’*w, v, 8,9)S (ka)e /2 dpdy
24

T, v, 0,0)=TO[1+ Q)]
Skp)=Fks)+F(—ks) (25)

Now we assume that the hydrodynamical modu-
lation 48§ is small and can be represented as,

Skn)=Skz)+4Skz) (26)
where

Es=2k;

When we expand S(kz) and Tz, v,8,4) in
power series of #,, (a=1,2) and substitute them
in (24), we get the leading terms (HASSELMANN
1971),

1 825
o0=Fo+— ( anaanﬂ) {Rang)
J{ 8T *(u,,0,9)

an. J§45(k3)na>+. .. (27

where the subscript zero refers to values at
7n,=0 and

(e, »)=T*(p,v, 0, 9)S(Kn) 28

<nanﬂ>=—21;g Nnaﬂﬁe_1/2(F2+”=)dﬂdV (29)
where & denotes electrodynamic tilting modu-
lation of the backscatter cross-section. When
we replace the differential dn, by the finite
difference dn,= /{n,ty we get p=1 for a=1,
v=] fo a=2 and the second term of the right-
hand side of (27) turns out to be (WENTZ, 1978:
eq. (25))

(52,422,
2\om?/o 2\0m?/y

101, 0)+5(-1,0)
+&0,1)+&(0, —1)]—25(0,0) (30)

where (1,0) means (¢, v}|u=1, v=o.

For the third term representing hydrodyna-
mical modulation, we can put (WENTZz, 1978:
eq. (27))

4S(K5)=BuS(ks) €1))

We assume that the wind blows toward
the negative x-direction so that a positive B
means that the intensity of the spectrum on the
downwind side of a large-scale wave is higher
than that on the upwind side.

For the third term of the right-hand side of
(27) we similarly get

(B0) castkams = Ltk

x[T*1,0; 8,)—T*(—1,0; 6,8)] (32)

The final form of the hackscatter cross-section
is given by

ks)

g =

[—2T(0,0; 6, $){1+ 010, 0))

+T(—1,0; 0,6){1+0Q(—1,0)

+T(1,0; 6,61 +0(1,0)

+T0, —1: 0, $){1+Q(0, —1)}

+70,1; 8, $}{1+Q(0, 1)}

+B{T(1,0; 6,¢)1+0Q1,0))
—T(~1,0; 0,$)(1+Q(—1,001]  (33)

where
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T(w,v; 6,9)
=4zk* [ 721 cos ¢+ n sin @) sin 6 +cos 874
- e

X ~—1—4 {sin 8 — cos O{ng sin ¢+ n; cos ¢)}2{?VV }
D apn
5 2
4 (mpcos g sin ¢>2{‘f’”’}| 30
ayy

The upper line corresponds to o%y and the
lower line corresponds to ¢%zx. The Eq. (33)
shows explicitly the effect of the non-Gaussian
distribution of surface wave slope as well as of
the hydrodynamical modulation of short waves,
and is easily accessible compared to the integral
form given by (24), so that all calculations in
the following sections are carried out by using
this formula.

3. Azimuth variation of the backscatter
cross-section
From (33) we can easily get the difference
between the upwind cross-section ¢%(=0%4=0

and the downwind cross-section 64°(=0%4-)
Ao0= 7,0 540
=§So<kﬁ)[{T(1,o; 8,0)—T(—1,0; 6,0)}
x{Q(1,00—Q(—1,0)+B(2+0Q(1,0)
+Q(—1,0}] (35)
where the following relations have been used,
T(+1,0; 6,00=T(+1,0; 0,7) (36)
T, +1; 6,00=T(0, F1; 6,7) (37)

Qlp,»)=Qp, —v) 38

Silles)= 51{54(153)(14—2 o ) (39)
‘When the distribution of the sea surface slope
is Gaussian, we have Q(g,v)=0 so that the
difference in backscatter cross-section 4o® is
caused only by B in the right-hand side of (35).
By substituting (23) and (34) into (3b) we get

Aa° = So(kg)2xk* cos?l
(L+<m®> ! tan 0)*dpp(1, 0, 6,0
I+ <mBpye
X (1— Zpp)0.04—0.03LU+2.06a v/ {n)
(40)

where

z :(,1,,—,,«/672 tan ¢ )4 |@pp(—1,0; 6,0)2
PPN 14 B tan 8/ |@pp(1,0; 6,002

1
and
B=a {n%) (42)
Then, Eq. (31) is written as
48(K5)=an,S(kz) (43)

@pp(+1,0) is the first-order scattering coefficient
refered to a following local incident angle

cos ¢/

= ,¢f+l<;12>,c050[1 + V{nfytan 6] (44)

and could be approximated by (see Appendix)
S T2
Gun(£1,0; 0, 0)'=.am<0>[1 1-“/5%?4] (45

arv(+1,0; 0,0 =arr(@[1F V<m®  (46)

When we introduce (46) into (41), we can see
1-Zrr=0 0545° “n

However for HH polarization 1—Zgz>0 for
almost all incident angles. In general we can
see from (40) that the difference 4o® can be
eventually negative for V'V polarization, because,
in contrast to the coefficient for HH polarization,
the local scattering coefficient for V'V polari-
zation varies to a large extent according to the
variation of the [ocal incident angle @ of the
electromagnetic wave.

It must be noticed that the contribution of
the non-Gaussian wave slope distribution in 4e®
is in negative sense with respect to the contri-
bution of the hydrodynamical modulation of short
gravity-capillary waves. WENTZ (1977: Ap-
pendix B) assumed at first that 4¢° should be
attributed only to the non-Gaussian slope distri-
bution and estimated the coefficients C;~C; in
(23) from observed values of backscatter cross-
section. His results gave negative values for
C; and C», which contradicts Cox and Munk’s
experimental results.

Figure 2(a, b) and Fig 3(a, b) show ¢° calculated
by (33) as well as observed values from the
JONSWARP 75 circle flight experiment (MOOR
et al., 1978: Appendix A) The dielectric constant
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Fig. 2(a). Comparison between theoretical results
and observed data on azimuth ecross sections
variation of backscatter cross sections for VV-
polalization. The solid line is taken from
MOOR et al. (1978), the dashed line is for
a=2.5, and the dash-dot line 1s for @=3.5 in
Eq. {(43), 6=40°, U=11.3 ms™.
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Fig. 2(b). Same as for Fig. 2(a) but for
HH-polarization.

of sea water used for computation is e=40.1
—1£39,3 corresponding to a microwave frequency
of 13.9GHz. The parameter for hydrodyna-
mical modulation @ in (43) is assumed to equal
2.5. The general results of the comparison are:

(i) for both VV and HH polarizations, the
difference between upwind and crosswind direc-
tions for calculated ¢® is always smaller than
observed. This partly due to the form of the
assumed angular spreading factor of the energy
spectrum for phigher frequency ocean waves as
shown in (5). Originally this form of spectrum
comes from a usual Fourier expansion,

Fk)dk= %F(k)(l + X an cos 2ng)kdldd  (48)

which is only applicable for the case |¢|<<z/2

IwaTa
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Fig. 3{a). Comparison between theoretical results
and data on azimuth variation of backscatter
cross sections for VV-polarization. The solid
line is taken from MOOR et al. (1978), the
dashed line is for @=2.5, and the dash-dot line
is for a=3.5 in Eq. (43), 6=65°, U=12.3 ms™.
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Fig. 3(b). Same as for Fig. 3(a) bat for
HH-polarization,

and F(k) vanishes in the other azimuth angles.
After simple algebra we get (PIERSON and
STACY 1973: eq. (21))

1-R
ay —Z‘I_‘_—R (49)

As another example, when we assume a cosine-
power distribution

Fk, ¢)~cos”(%¢> (50>

we get instead of (5)
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1 I'is+1)
4z T(s+1/2)

X[COS‘”(?)W‘”(?)J
~§1_[1+ 41(35 —ycos 2¢] 51

where the following condition is used.

1
“Sy(ken)

Flkg)+ F(—kg)~

S S(kp)dg=1 (562)

Actually s is a function of frequency for
ordinary ocean waves (LONGUET-HIGGINS 1962),
but for short gravity-capillary waves the value
of s has not yet been accurately determined.
As a tentative value we may take s=3 (FuUJI-
NAWA, 1980) which gives an angular spreading
(1+0.6cos2¢). For U=12.3ms! we get R=
0.685, which gives a distribution (1+0.37 cos 2¢),
so that by assuming s=3 the difference of ¢°
between upwind and crosswind directions in-
creases by about 2.7dB. This is enough to
ameliorate the discrepancy between calculated
and observed 6%p—0%0ss in Fig. 2 and Fig. 3.
An example of calculations of backscatter cross-
section assuming angular spreading of the energy
of gravity-capillary waves as expressed in (bl)
with s=3 is shown in Fig. 4.

(i1) For the case =40 degrees, contradictory
to the observations, calculated ¢® of V'V polari-
zation in the downwind direction is always
larger than ¢® in the upwind direction. On the
other hand for the case of #=65 degrees both

-BBr Flight 17
. U=123mfs
19 . 8-05° %

0w 08)

' L . L L L :
40 80 120 %0 200 240 280 320 360.
Aspect Angle (Degrees)

Fig. 4. Same as for Fig. 3(a) but for a=2.5.
The dotted line is based on angular spreading
expressed by Eq. (5) and the dashed line is
calculated from Eq. (51) with s=3.

polarizations show larger ¢° in the upwind than
in the downwind direction. As we can see
from (40) this calculated result depends on the
incident angle @, as well as on both the rather
large variations of scattering coefficient due to
tilting and/or the wind velocity U in terms of
slope variance <{n;®>. From a tentative compu-
tation of (40) it turns out that for VV polari-
zation Zyy>1 for the range 10<u, <150 (cm s71)
i.e., 0¥ in the upwind direction is smaller than
¢% in the downwind direction as long as €<55
degrees. This result holds even if the step of
finite difference decreases to one tenth of the
standard deviation, that is 472,=0.1 v/{n.%>. On
the other hand for HH polarization we get ¢%;
> 0%ewn for all incident angles and for arbitrarily
friction velocity. For HH polarization |Gzxa|<1
so that the variations of scattering coeflicient
due to tilting are not so effective as for VV
polarization.

As a complementary calculation an expansion
of 6% in (27) was taken up to the 4th order,
but the result for VV polarization shows 4a%<0
for the case of #=40 degrees which corresponds
to Fig. 2(a). It must be noticed that the sign
of do® is independent of the spectrum of ocean
waves and is only dependent on the wind velo-
city, incident angle and scattering coeflicient of
microwaves.

From consideration of the above we might
conclude that the wave-facet model of back-
scatter represented by (33) can not be applied
for 6<b5 degrees at least for VV polarization.
WENTZ (1978; eq. (16)) postulates on the basis
of other reasoning that the facet model should
begin to break down at some incident angle s
near 40 degrees and proposes that the back-
scatter due to the Bragg mechanism decreases
according to a following purely empirical formula

o~y tan?g ¢ ?1R%; H< B, (53

where the coefficients 7 and & should be fixed
be requiring the value of ¢° and its first deri-
vative with respect to 6 to be continuous at §=8,.

According to JACKSON (1974: pp. 60-64) there
is a fairly continuous transition between specular
and Bragg scattering in the neighbourhood of
45 degrees. In the absence of larger waves he
puts

%= W(0)a%pec+[1— W(0)]0%sragg  (54)
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where the weighting function W{(f) would be
near unity for small angles and fall fairly rapidly
to near zero at some critical angle in the neigh-
bourhood of 45 degrees. However the functional
form of W{#) has not been elucidated.

(i) For VV polarization the calculated level
of backscatter averaged over the azimuth direc-
tion is larger than the average observed value
and vice versa for HH polarization. As discussed
above this might be partly due to overestimation
of Bragg scattering especially near the transitional
incident angle supposed to bhe 40~45 degrees.
However the reasons why the calculated HH
polarization for ¢=65 degrees is smaller than
observed is not clearly understood,

4. Discussion and concluding remarks
Although the wave-facet model fails to re-
produce the backscatter cross-section under
moderate incident angles, it does give some
useful information about nonlinear interactions

DOWNWIND
f=13.9 GHZ
6 | e=40° N
-2 L
N
-i0
_ 1t /
3 /
= -14 +
&
S
™~ -16 &
8
o -18 |
=
o=
= 20 - // AMFE e o o
s JONSWAPY v v
w 2k SKYLAB v v v
HH
-24 - AAFE LI I
JONSWAP & & &
=26 | SKYLAB & & =
&
'28 L ‘l 1 1 1 1. 1 t 1
3 4 6 810 15 20 30 403060

WIND SPEED ( m/s)

Fig. 5, Comparison of the wind velocity de-
pendence of the backscatter cross-section with
observed data. The solid lines are from
CHANG & FUNG (1977), and the dashed lines
are for a=2.5 in eq. (l4a).

between short waves and larger waves at least
for incident angles larger than 55 degrees. For
the case of #=65 degrees, as shown in Fig. 3(a, b)
we get from calculations as well as observations

Cal. Obs. Pol.
a=2.5 a=3.5
1.2dB 1.9dB 2.0dB vv
dode 1D
2.7 4.7 4.2 HH
4. D

where the numerals in parenthesis in the column
for @a=2.5 are obtained when we expand ¢° in
(27) up to the 4th order. In this case we must
add in the right-hand side of (27)

1 /8% 1 54
ar (aw >0<”“4> T o (‘anlzamz )<"‘2"22>

+ (ﬂi)<45n13> (55)

6n13

where a=1 and 2.

From the above we can conclude that 2.5~
3.5 is an adequate estimate of a and this gives
B=0.44~0.62 for U=10ms~!. It is interesting
to note here that Wentz’s model parameters
gives B=0.49(HH) and 0.25(VV).

The modulation of the short-wave spectrum
by the larger waves is given in the following
form (ALPERS & HASSELMAN, 1978).

AF A A .

- = gR‘”’“A(k) etk x-at gl (56)
where A(IE) represents the Fourier transform of
the surface elevation associated with the larger
waves, and R denotes modulation transfer
function

L= SA(l%)eK'?»x—m dk 57

Using present notation it can be rewritten as,

hydr
o 2. -

where £, denotes wave number of the larger
wave in the upwind direction. ALPERS and
HASSELMANN (1978) shows by a relaxation
model and by choosing Phillips’ spectrum |ks|™*
for the short-waves that « increases mono-
tonically from zero and approaches to 4.5
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asymptotically as the ratio of a characteristic
relaxation time (¢4!) to the period of a charac-
teristic larger wave (2zw~!) exceeds about 1/3.

Based on similar reascning and by using a
relaxation model WRIGHT ez. al. (1980) estimates
p*=F8 where 8 is the rate of energy input from
the wind and is given by an empirical expression
(LARsON and WRIGHT, 1975)

£=0.04 ’;—Su*z (539

where k; and ¢; are wave number and phase
velocity of the short-wave.

For short gravity-capillary waves @/pe<<1
Then, a becomes rather small compared to the
above cited values a=2.5~3.5 (ALPERS and HAS-
SELMAN, 1978: fig. 2). This reasoning suggests
that the relaxation time might be longer than
previously estimated.

Figure 5 presents the relation of ¢° to wind
velocity for the present model, Chang and
Fung’s (1973) model, and several observations.
The two models agree well with each other
except in the case of HH at higher wind speed.
For higher wind speeds the effect of hydro-
dynamical modulation becomes predominant
especially for HH polarization, so that the
scattering coeflicient ¢°zx in the downwind
direction reduces markedly compared with Chang
and Fung’s model. We can see from the results
that the leading terms of the power series ex-
pansion (27) are adequate approximations of the
numerical integrals in the badkscatter cross-
section problem.
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Appendix
cos @

cos 6(n1,0; 6,0)= g mtand) (AD
1

sind g cot) (A2)

sin #(ny, 0; 6,0)= .x/il—l-—nz
1

We get after simple algebra,

_1
1472

X [cos 8+ ye—sin?+nm ]2 (A3)

[cos B+ ve—sin?n 2=

where

n g—cos?l

"2 Je—sin®d

¢=sin §—

“Evm:()(l) (Ad)
so that it follows,
Ara(x1,0; 6,0)=ag(8)

— A DT
><|:l+ A (A5)

similarly
arr(+1,0; 0,0)=arr()[1F V(D] (A6)
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