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ABSTRACT

Radar cross sections reported by Guinard et al. are normalized with respect to their mean value obtained
with different bands but at the same wind velocity. The results confirm that there are significant differences
between returns with VV and HH polarizations. The VV-polarized returns, being associated more closely with
distributed ocean ripples, support the equilibrium spectrum of ocean waves k™ with the wavenumber k < 0.5
rad cm ™!, and the saturated spectrum k™ at higher wavenumbers. The HH-polarized returns at low wavenumbers
have the same trend as those of the VV-returns, but are smaller in magnitude. At high wavenumbers (k > 0.5
rad cm '), the HH-returns retain the trend of increasing continuously with the Bragg wavenumber; this is
believed to be caused by the surface roughness produced by individual breaking waves. Contributions of returns
produced by each mechanism are then discussed for radars having various bands. Functional, power-law type,
dependence of returns on the wind-friction velocity is also found to vary systematically with the Bragg wave-

number; the exponent of power law increases with the Bragg wavenumber, following k'3,

1. Introduction

Many types of sensors have been promoted for the
remote sensing of oceanic parameters. Among them,
the scatterometer operated on the Bragg scattering
mechanism has provided the most excitement as a
prospective means of mapping sea-surface winds
(Moore and Fung 1979). Following many demonstra-
tions of its feasibility, Phillips (1988) took a critical
look at the sea-surface features that serve as Bragg scat-
terers and attempted to relate the radar returns mostly
to ocean ripples; these are short gravity waves and cap-
illary waves well distributed over the sea surface. He
proposed a scaling parameter, grouped from the radar
wavenumber, wind-friction velocity and gravitational
acceleration, for returns with both vertical-vertical
(VV) and horizontal-horizontal (HH) polarizations.
The same group of data used by Phillips (1988) are
herewith analyzed to evaluate separately dependences
of the returns on the radar wavenumber and on the
wind velocity. The difference is shown to exist between
radar cross sections obtained with VV and HH polar-
izations, as summarized in Woiceshyn et al. (1986);
the results are most revealing to studies of ocean-ripple
structures and remote sensing, as advocated by Phillips
(1988). The spectrum of short gravity waves is again
confirmed to reach an equilibrium state (Phillips
1985), following the dropoff of k> with wavenumbers

Corresponding author address: Prof. Jin Wu, University of Dela-
ware, Air-Sea Interaction Laboratory, College of Marine Studies,
Lewes, DE 19958.

© 1990 American Meteorological Society

up to about 0.5 rad cm ™. However, the spectrum of
shorter waves, consisting of shortest gravity waves and
waves in the gravity-capillary region, does reach a sat-
urated state as indicated by the k* shape (Phillips
1958). Surface roughnesses produced by individual
breaking waves are shown to be closely associated with
the HH-polarized returns; but this occurs only at high
wavenumbers (>0.5 rad cm !). These roughnesses can
be detected by only X and C bands or shorter wave-
length radars. Relative contributions of ocean ripples
and breaking waves to radar sea returns at these bands
are also discussed. Finally, the exponent of the power
law relating the return to wind velocity is shown to
increase, as the Bragg wavenumber increases.

2. Bragg scattering from the sea surface
a. Radar returns and Phillips’ scaling

Phillips (1988) considered that radar returns from
the sea surface consisted of two different types of Bragg
scatterers: ocean ripples and surface roughnesses pro-
duced by breaking waves. The following expression was
proposed,
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where o is the radar cross section, B is the coefficient
of ocean-wave spectrum in the equilibrium range, ¢ is
the incidence angle of the radar beam with respect to
the mean sea surface, ¢ is the observational direction
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with respect to the wind, u, is the wind-friction velocity,
« 1s the radar wavenumber, g is the gravitational ac-
celeration, and £;(8) and F,(@) are coefficients de-
pending on the polarization of transmitted and received
microwave signals. The first term on the right side of
the above expression is associated with distributed rip-
ples, and the second term with individual breakers.

Phillips’ (1988) major theme is that radar returns
from both ripples and breakers can be scaled with the
dimensionless parameter u%«/g. The dependence of
these two kinds of returns on the proposed parameter,
however, differs; see Eq. (1). The returns from ripples
are shown to be proportional to (u3«/g)'/?. This was
suggested to be consistent with the spectrum for short
gravity waves in the equilibrium range revised recently
by Phillips (1985),

(k) = Blcoso|'Pu,g 2k (2)

where k and k are wavenumber vector and scalar of
surface waves, respectively. According to the Bragg
scattering mechanism, the radar and Bragg wavenum-
bers are related through

k = 2« sinf (3)

As the wavelength of radars is generally short, their
returns are mostly associated with ocean ripples, best
described by the slope statistics ( Valenzuela 1978). The
wavenumber slope spectrum corresponding to the
elevation spectrum shown in Eq. (2) has the form of
S(k) ~ k'/2, being proportional approximately to
k'/2_ These, therefore, explain the dependency of re-
turns on the radar wavenumber as « '/2 (Phillips 1988).

The sea returns were measured by Guinard et al.
(1971) simultaneously with radars of X, C, L and P
bands. Wavelengths of these bands are X: 3.4 cm, C:
6.9 cm, L: 24 cm and P: 70 cm. Guinard et al.’s results
were used by Phillips ( 1988 ) to substantiate the scaling
of radar returns with his proposed parameter,
(u«/g)"/?. His consideration of all returns following
roughly this scaling implies that they are primarily from
ocean ripples, instead of surface roughnesses produced
by breaking waves. For the latter, the scaling as shown
in Eq. (1) was suggested to be with (u2«/g)%/?. There
are also other physical implications; the returns are not
only similar with both polarizations, but also have
similar functional dependences on the wind-friction
velocity for all radar wavenumbers.

b. Radar backscattering and sea-surface roughness
1) A PRELIMINARY LOOK

According to the scaling of (u3«/g)'/? and therefore
of «'/? under the same wind velocity, the magnitude
of returns at the same incidence angle from large to
small should be provided in order by X, C, L and P
bands. We have compiled in Table 1 the actual order
of returns observed by Guinard et al. (1971) and shown
in Fig. 2 of Phillips (1988). In the table, the results
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TABLE 1. Orders in the magnitude of radar sea returns observed
by Guinard et al. (1971) under the same wind velocity but from
different bands. For both polarizations, the magnitude of returns at
each incidence angle decreases from left to right, and the trends are
consistent for all wind velocities.

Horizontal-

Incidence angle 6 Vertical-vertical horizontal
(deg) polarizations polarizations

30 L C X P X L C P

45 L C X P X L CP

60 L C X P X CL P

70 L C X P X CL P

80 C L X P X CL P

85 CL X P X CL P

obtained with two polarizations at different incidence
angles are separately tabulated; the trends, at each in-
cidence angle, are generally consistent for all wind ve-
locities.

As illustrated in Table 1, the returns with HH po-
larization follow mostly the Phillips’ (1988 ) suggestion,
in the decreasing order of X, C, L and P bands. Those
with VV polarizations, however, are very much out of
the suggested order. These surprising trends are im-
portant, since Guinard et al.’s (1971) data, as men-
tioned previously, were used by Phillips to illustrate
the (u3x/g)'/? scaling, as well as to confirm the re-
cently revised spectrum of ocean waves ( Phillips 1985).
The discrepancy is especially critical, as VV-polarized
returns are believed to be associated more closely with
the Bragg scattering from ocean ripples, and the hori-
zontally polarized returns, on the other hand, are more
influenced by isolated features (Duncan et al. 1974).
Subsequent studies indicated that these features might
be associated with breaking waves ( Banner and Fooks
1985). The trends shown in Table 1, therefore, have
great implications on not only radar returns but also
structures of ocean waves, motivating us to take a closer
look. In addition, recent measurements of Banner et
al. (1989), to be discussed later, also departed from
Phillips’ (1985) equilibrium spectrum at high wave-
numbers.

2) A CLOSER LOOK

With simultaneous observations of four bands, the
study of Guinard et al. (1971 ) was designed primarily
for investigating the dependence of radar returns on
its wavelength. The wind velocity was not their prin-
cipal concern, and therefore might not be very accu-
rately measured by them. Thinking along this line, the
wind-friction velocity was only roughly estimated by
Phillips (1988). Moreover, there are many other studies
designed especially for evaluating the dependence of
radar returns on the wind velocity (Woiceshyn et al.
1986; Masuko et al. 1986). We, therefore, concentrate
first on exploring further the primary results obtained
in Guinard et al’s investigation; following Phillips
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(1988), only the data from the upwind look are used. velocity is removed to retain only that with the wave-
For each wind condition, the returns from four bands length of Bragg scatterers. The results at various inci-
are averaged to obtain o4 subsequently, the power ratio  dence angles are presented versus the wavenumber of
between the actual and averaged returns for a given corresponding Bragg scatterers in Fig. 1. For the clarity
band, ¢p/ 0y, is determined. Through this normaliza- of the presentations, we did not include the data at the
tion, the variation of the radar returns with the wind lowest wind velocity of 2.5 m s™'. The results at this
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FiG. 1. Variation of radar return with surface-wave number. The data were obtained by Guinard et
al. (1971) at five wind velocities. The left column was obtained under VV polarizations and the right
under HH polarizations; in each column from top to bottom the data were obtained at incident angles
of 30, 45, 60, 70, 80 and 85°; and various symbols are for different wind velocities (m s™'): 11.3 (X),
16.2 (+), 19.0 (O), 20.6 (A) and 24.2 (O).
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wind velocity, which separates distinctly from the oth-
ers, follow the same trend but are more scattered.

Lines are drawn in Fig. 1 to approximate trends of
the data; more on the fitted line will be discussed in a
later section. It is shown that there is a distinct differ-
ence, in both trends and magnitudes, between VV and
HH returns. The HH returns increase continuously
with the wavenumber; the VV returns follow such a
trend only at low wavenumbers, and reach a saturated
shape, being invariant with the wavenumber, at high
wavenumbers. Phillips (1988) noticed that there was
a hint of saturation at large values of (u3«/g)'/?; the
saturation is clearly displayed here but with only VV
returns. At low wavenumbers where both HH and VV
returns have the same trend, HH returns are smaller
in magnitude; the latter was also noted in Woiceshyn
et al. (1986). All these suggest that returns with HH
and V'V polarizations are probably governed by differ-
ent mechanisms. Consequently, we must analyze sep-
arately these two types of returns and must examine
them with respect to different mechanisms.

Note that the data reported by Guinard et al. (1971)
were tabulated in Daley et al. (1970). Following Phil-
lips (1988), only the data from the upwind look are
used in Fig. 1 for the convenience of a direct compar-
ison with results and interpretations reported in that
paper. We, however, have analyzed in a similar fashion
the data averaged from upwind and downwind looks;
the results have identical trends as those shown in
Fig. 1.

3. Mechanisms governing radar sea returns
a. VV-polarized returns and wave spectrum

As discussed previously, the radar returns with VV
polarizations are known to be associated closely with
the spectrum of ocean ripples ( Phillips 1988). The re-
turn should be proportional with the spectral density
of Bragg scatterers, of which the most commonly en-
countered as discussed earlier are short in length. On
the other hand, measurements of ocean waves have
been limited generally to rather long components.
Therefore, we can benefit from results of the observed
Bragg scatterers in studying the spectrum of short grav-
ity waves and even capillary waves. This idea, of course,
was originated and advanced by Phillips (1985, 1988).

1) EQUILIBRIUM REGION

The portion of the spectrum in the range of fre-
quencies extending from that at the spectral peak to
that about triple the peak frequency is in the so-called
equilibrium range (Phillips 1985), within which the
spectral density is limited dynamically by wave break-
ing. This portion of the spectrum has been widely stud-
ied and generally considered to have the form of (k)
~ k33 (Phillips 1985). Correspondingly, the spectral
density expressed in terms of the surface slope follows
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S(k) ~ k5, as mentioned previously. This is illus-
trated by lines drawn to approximate the returns at low
wavenumbers shown in Fig. 1. The region to which
this spectrum is applicable was previously unknown,
but can be determined here as up to the wavenumber
of about 0.5 rad cm ~'. This is well-within the gravity
region, as the dividing wavenumber for the capillary
and gravity ranges is about 3.63 rad cm ™. The equi-
librium spectrum is also sketched in Fig. 2a.

2) SATURATION REGION

The spectrum of gravity waves was first proposed by
Phillips (1958) to be saturated at high wavenumbers,
where the spectral density was invariant with either the
wavenumber or the wind velocity. The height and slope
spectra in the saturation range were thought to follow
Y(k) ~ k=% and S(k) ~ k°, respectively. Subsequent
studies (Longuet-Higgins 1969; Liu 1971; Hasselmann
et al. 1973; Kitaigorodskii 1983; Donelan et al. 1985)
suggested that the spectral density might be invariant
with the wavenumber at certain wind and fetch con-
ditions, but not universal. Finally, this long-standing
concept was considered to be no longer attainable
(Phillips 1985). There are two major reasons which
have pushed for this revision; measurements of rela-
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tively long waves have shown to consist of only the
equilibrium range, and contradictory evidence has been
suggested to be provided by microwave sea returns from
ocean ripples.

The situation is further clarified here. While the sat-
uration region as indicated by the spectrum does exist,
it is at wavenumbers much higher than those suggested
originally by Phillips (1958). These are illustrated by
the results shown in Fig. 1, especially those obtained
at incidence angles of 30°, 45° and 60°; the Bragg
mechanism may not be fully operable at larger inci-
dence angles. The saturation spectrum is now seen to
be in the region, 0.5 rad cm ™! < k < 5 rad cm ™. This
appears to be consistent in concept with recent results
of stereophotography reported by Banner et al. (1989)
that the k™% wave spectrum does exist at high wave-
numbers. Quantitatively, however, their results show
that the spectrum is saturated in the region of 0.04 rad
cm ™! <k < 0.3 rad cm™! are not substantiated by the
radar results presented here. In fact, the present results
support Phillips’ (1988) assertion that the equilibrium
range prevails for gravity wave components while the
saturation range exists only for shortest-gravity and
gravity—capillary wave components. Note that in situ
measurements of waves cited by Phillips (1985) in es-
tablishing the equilibrium spectrum were limited to
components no shorter than say a meter; these are
much longer than those discussed in this article, es-
pecially that in the saturation range.

We are concerned mostly here with the wave spec-
trum shape. It will be shown later that the Bragg scat-
tering from the wavenumber region of 0.5-5 rad cm ™!
still has a wind-velocity dependence. Such a depen-
dence, although a weak one, was also reported by Ban-
ner et al. (1989). Much of these will be left to be re-
solved by future direct wave and refined wind mea-
surements.

3) CAPILLARY REGION

The spectrum in the capillary range has not been
extensively studied; a probable sharp dropoff of the
spectral density within this region was discussed in
Phillips (1977). Signs of such a dropoff can be seen
from VV returns in Fig. 1 at incidence angles of 30°,
45° and 60°. Again, the results at these angles are most
closely associated with the structure of ripples. Short
lines are drawn in the figure to show that those three
returns can be approximated with the forms of Y(k)
o~ k™% and S(k) ~ k7%,

b. HH-polarized returns and breaking waves

The ratio between HH and VV polarized returns
with an X-band radar was found by Duncan et al.
(1974) to be generally smaller than unity at low winds,
and increase toward unity at high winds. Such an in-
crease of HH returns at high winds was associated by
them, and also later by Lee (1977), with those scatterers
moving at or near the phase velocity of dominant
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waves. Subsequently, experiments were conducted by
Banner and Fooks (1985), also with an X-band radar,
to confirm that this portion of returns is consistent
with Bragg scattering from the surface roughnesses
produced by breaking waves. Mechanisms causing sea
spikes, however, are not entirely clear at this stage,
specular reflection and wedge diffraction could also be
important (Kwoh et al. 1988); both effects are, none-
theless, related to breaking waves. With this under-
standing in mind, let us examine more closely the
spectrally resolved results in Fig. 1.

1) SPECTRAL RESPONSE

The pattern of returns displayed by the results shown
in Fig. 1 is sketched in Fig. 2b. At low wavenumbers,
the HH-returns being similar to the above findings are
proportionally smaller than the VV-returns. The HH
returns are about 1.9 dB less than VV returns at inci-
dence angles of 30°, 45° and 60°, and by about 1.3
dB at larger incidence angles of 70° and 80°. At higher
wavenumbers (k > 0.5 rad cm ™!), the portion of HH-
returns, identified above to be closely associated with
breaking waves, continues to increase with the wave-
number. Consequently, we find that the returns from
breaking waves can be better detected with radars of
X and C bands or those having shorter wavelengths.
The wavelengths of L and P bands are too long, where
less scatterers locked in phase with breaking waves can
be effectively detected.

2) RELATIVE CONTRIBUTIONS

Earlier, the radar returns were associated exclusively
with ocean ripples; recently, effects of breaking waves
were noted. In both cases, the returns were interpreted
by only one mechanism, while undoubtedly both
mechanisms contribute simultaneously to the returns.
Referring to the illustration in Fig. 2b and the results
in Fig. 1, we see that the returns at low wavenumbers
are primarily from ocean ripples, and those at high
wavenumbers are from surface roughnesses produced
by breaking waves. Needless to say, much more still
needs to be studied to quantify these partitions, the
present results serve to identify the wavelength region
of dominance of each scattering mechanism. Note that
under high winds, the sea-surface wind velocity de-
duced from HH-returns from a K-band radar (2.05-
cm wavelength) was found by Wentz et al. (1986) to
be about 5 m s™! greater than that deduced from VV-
returns. The present results, while in about the same
magnitude, indicate that the difference also depends
on the wavelength of Bragg scatterers.

4. Parameterization of radar sea returns
a. Dependence of radar returns on wind-friction velocity
1) TwWO LIMITS

In the last section, we have identified the mecha-
nisms governing sea returns of radars having various
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wavelengths. The returns from radars having longer
lengths of L and P bands are shown to be mostly as-
sociated with ocean ripples, and those from shorter-
length bands are with both ocean ripples and surface
roughnesses produced by breaking waves. Having dis-
cussed the dependence of radar returns on its wave-
length, we now take a look at their dependence on the
wind-friction velocity. The power-law type dependence
shown in Eq. (1) has been generally accepted; it has
provided the basis of scatterometer algorithm (Jones
and Schroeder 1978; Schroeder et al. 1982; Woiceshyn
et al. 1986). The linear dependence of the spectral
density of ocean ripples in the equilibrium range on
the wind-friction velocity has also been rigorously ar-
gued by Phillips (1985). For returns from ocean ripples
in the equilibrium range, the exponent of unity on their
dependence of the wind-friction velocity in the form
of 69 ~ u, can be considered as the lower limit. The
dependence associated with breaking waves shown as
oo ~ u3 in Eq. (1) is confirmed by recent microwave
observations (Jessup et al. 1990); it is also consistent
with results on the sea-surface whitecap coverage (Wu
1988). This latter exponent can be considered as the
upper limit. We, therefore, believe that the exponent
of power law should vary between these two limits,
depending on the radar wavelength and its operating
incidence angle.

2) GUINARD ET AL.’S RESULTS

We have discussed earlier that Guinard etal’s (1971)

study was primarily for evaluating radar returns on its
wavelength. Our discussion in the last section concen-
trated indeed on this regard; their data are shown to
be very helpful in studying the scattering mechanisms
as well as the ocean-wave spectrum. We now attempt
to see whether their data can also be used to resolve
the dependency of radar returns on the wind-friction
velocity. The wind-stress coefficient suggested by Wu
(1980) is used to calculate the wind-friction velocity.
The data obtained at incidence angles of 30°, 45° and
60° are used, as those at 70° and 80° are either on the
border line of, or outside, the region within which the
Bragg scattering is operable (Valenzuela 1978). The
results obtained at each band with two polarizations,
VV and HH, are shown in Figs. 3 and 4. Additional
data from two more wind velocities, 14.9 and 20.6 m
s~!, were obtained from Daley et al. (1970) and added
here.

As discussed previously, the experiments of Guinard
et al. (1971) were not directed at studying the variation
of microwave returns with the wind velocity. The ex-
perimental conditions are, as seen in Figs. 3 and 4, not
well distributed over the range of wind velocities cov-
ered. An overall inspection of the results in these two
figures shows, nonetheless, that the variation of radar
returns with the wind-friction velocity is distinctly dif-
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FiG. 3. Horizontally polarized radar returns obtained with different
bands under various winds. The radar data are from Guinard et al.
(1971).

ferent at various radar wavelengths. The variation of
returns with the wind-friction velocity becomes more
gradual, as the radar wavelength increases. A line rep-
resenting the power-law variation is fitted to approxi-
mate the trend of each set of data. We then see little
differences between results obtained at incidence angles
of 30° and 45°, while the results obtained at the inci-
dence angle of 60° are significantly different. This sug-
gests that the Bragg scattering may operate at a nar-
rower region than previously suggested up to about
70°. The slope of the fitted line, corresponding to the
exponent of the power law obtained from Figs. 3 and
4, is presented in Fig. 5. In this figure, the major portion
of exponents obtained from Guinard et al.’s (1971)
results is seen to be below the lower limit of unity.
More studies are needed to understand these small val-
ues of the exponent shown in the figure. Nonetheless,
these exponents are seen clearly to decrease system-
atically as the radar wavelength increases.
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3) GENERAL RESULTS

Data from measurements of microwave backscat-
tering signatures of the ocean surface (Jones and
Schroeder 1978; Moore and Fung 1979; Fung and Lee
1982; Schroeder et al. 1982; Schroeder et al. 1984,
Feindt et al. 1985) were all expressed in the power-law
form in terms of the wind velocity, go ~ U”. The wind
velocity was measured at different elevations by these
investigators. Reported results on the exponent » were
compiled by Masuko et al. (1986) along with those of
their own. Inasmuch as we intend only to examine a
general trend rather than quantitative variation of the
exponent, we consider for this portion of the data, as
in Phillips (1988), that the wind-stress coefficient does
not vary with the wind velocity. Therefore, the expo-
nent with the results expressed in terms of the wind-
friction velocity is the same as that in terms of the wind
velocity.
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bands under various winds. The radar data are from Guinard et al.
(1971).
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The data obtained in various investigations and compiled by Masuko
et al. (1986) are shown as open symbols; those from Figs. 3 and 4
are shown respectively as solid and half-solid symbols.

The results compiled by Masuko et al. on the ex-
ponent were obtained over the range of radar wave-
lengths of 0.87-70.1 c¢m, and at incidence angles of
20°-60°. In order to evaluate the functional variation
of these results, the corresponding Bragg wavelengths
for the data are calculated; the final results are presented
in Fig. 5, where A is the Bragg wavelength. The trend
is now quite clear; the exponent decreases as the Bragg
wavelength increases. The data appear to follow the
mean line drawn in the figure, .

no=2)\"'/3

4)

where A is expressed in cm. The above expression is
intended to illustrate only a general trend that the ex-
ponent varies systematically with the Bragg wavelength.
As pointed out by Phillips (1988), there are problems
involved in the instrument calibration and data aver-
aging in some of the studies from which the results are
shown in Fig. 5. Furthermore, the scattering of results
can also be caused by various environmental factors;
the latter includes wind stress and atmospheric stability
(Keller et al. 1985).

4) SUMMARY

Consistent results from all available studies are il-
lustrated in Fig. 5; the power-law dependence of radar
returns on the wind-friction velocity varies with the
Bragg wavelength. In other words, the exponent of
power law varies with not only radar bands as suggested
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by Donelan and Pierson (1987) but also with its in-
cidence angles. This, of course, differs from the linear
dependence for all radar bands shown in Eq. (1). Much
of the suppressed variation of the dependence of radar
returns on the wind-friction velocity discussed in Phil-
lips (1988) appears to be caused by fitting a straight
line to the entire group of Guinard et al.’s (1971 ) data.
The returns, especially those with VV-polarization
shown in Table 1, do not follow a linear increase with
the scaling parameter (u2«/g)'/?.

b. Parameterizations of radar returns for different re-
gions

" Before discussing the parameterization of returns at
various radar wavelengths, we need to explain the trend
shown in Table 1. For longer-wavelength bands, the
HH returns follow the expected trend, with the P band
providing a greater return than the L band. As for the
returns from C and X bands, they are also approxi-
mately in order, as the spectral density of ripples start
to drop off for the wavenumber region covered by the
X band.

The very bases of the parameterization proposed by
Phillips (1988) are that the spectrum of surface waves
follows a universal shape of y(k) ~ k3%, and that the
radar returns from all bands increase linearly with the
wind-friction velocity, o ~ u,. We show here that
both of these cannot be generally scaled. While the
returns from L and P bands and radars of longer wave-
lengths are from the same equilibrium range, those
from X and C bands and shorter wave lengths are from
the saturation range. In other words, the k'/2-scaling
is still applicable to longer-wavelength cases; the k-
scaling is needed for shorter-wavelength cases. As for
the linear relationship between the radar return and
wind-friction velocity, it appears to under-represent the
shorter-wavelength cases of X and C bands, and over-
represent the longer-wavelength cases of L and P bands.
A general power law of parameterizing the radar returns
may not be attainable as discussed earlier by Donelan
and Pierson (1987), and illustrated quite clearly in
Fig. §.

5. Concluding remarks

Much has been demonstrated on the feasibility of
using radar Bragg scattering for measuring sea-surface
winds. Sets of field data have already been compiled,
along with many empirical correlations. For further
advances, we need to examine in more details the
available data to explore deeper the mechanism of
backscattering. Needless to say, those radar returns can
also help us to understand surface-wave dynamic; such

"as what Phillips (1988) did earlier and we are doing
here.
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