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ABSTRACT

Recent ideas on the structure of the equilibrium range of wind-generated ocean waves are applied to the
question of radar backscattered returns from the sea surface. It is shown that the backscattering cross section

can be represented as the sum of separate contributions from Bragg-scattering and from individual breaking
events:

- 172 i 1/2 4 (l‘i_")m (Ei_")m
g ) |cosp| '/? sin'/2g cot*d F,(0) 2 + F,(6, ¢) 2
where 6 is the angle of incidence, ¢ is the direction of observation relative to the wind, #, is the friction velocity
and « the radar wavelength; the Bragg-scattering contribution increases linearly with u, and the sea spike
contribution cubically. The number of sea spikes per unit time per unit surface area for a given threshold of
spike intensity or duration is proportional to g 'u3. Calibrated radar measurements of median values of oy,
which tend to suppress sea spike contributions, have been made by Guinard et al. over a range of radar wavelengths
from 70 to 3.4 cm. These scale consistently with the parameter (13« /g)!/? over angles of incidence greater than
30°, and are, overall, in accordance with a linear dependence. This suggests that the sea spike contribution to
the median o, is generally small over the range of observations, though their influence on the mean is not
established. The cubic dependence predicted for the frequency of occurrence of sea spikes on u, does, however,

AUGUST 1988

suggest a new and simpler method for the measurement of surface wind stress by remote sensing,.

1. Introduction

The use of backscattered radar signals from the sea
surface to provide reliable and accurate estimates of
oceanic wind distributions has been regarded for almost
twenty years as an essential aim of a global meteoro-
logical observational system. Satellite observations, in
particular, provide the opportunity for rapid wind
speed or wind stress measurements over wide areas of
the ocean, invaluable for meteorological prediction
purposes. The Seasat A Scatterometer System (SASS)
was a strikingly successful demonstration that this goal
might be attained provided the basic physics was clearly
understood and the system could be properly cali-
brated. In order to establish empirically the dependence
of the backscattering cross-section per unit area o, of
the sea surface upon the radar and environmental vari-
ables, many notable sets of measurements have been
made, both from instrumented aircraft (for example,
Guinard et al. 1971; Masuko et al. 1987) and from
platforms (Chaudhry and Moore 1984, and others).
Frequently, the variation of o¢ with wind speed U is
expressed by finding quantities G and H that give a
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best fit between the data and the formula (the “SASS-
1 power law model”)

o0 = G(p, 1, 8, $)UH P49, (1.1)
The coefficient G and wind speed exponent H are taken
to depend on the polarization, angle of incidence 8,
(usually 20° or greater so that specular reflections are
unimportant), radar frequency and direction of look
¢ relative to the wind.
- Now as pointed out by Woiceshyn et al. (1986) in
a careful, penetrating and ultimately very critical dis-
cussion of the present scatterometer wind retrieval sys-
tem, Eq. (1.1), which is its basis, “is not a physical law,
nor does it have any established scientific rationale”.
It is, of course, dimensionally inconsistent. Neverthe-
less, in an attempt to provide some empirical under-
pinning to (1.1), best-fit coefficients G and H have been
calculated from various sets of measurements and a
number of these have been summarized by Masuko et
al, (1987). The wind speed coefficient H is of particular
interest and Table 1 shows values of H that they report
from measurements by different workers over a range
of angles of incidence between 20° and 60°. The figures
given are derived from data in which both transmitted
and received signals were vertically polarized; the mag-
nitudes and scatter in H from horizontally polarized
signals are generally similar. The extent of the internal
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TABLE 1. Best-fit estimates of the wind speed coefficient H in Eq. (1.1); VV-polarization. The references are 1) Jones and Schroeder (1978),
2) Feindt et al. (1985), 3) Masuko et al. (1986), 4) Fung and Lee (1982), 5) Schroder et al. (1984), 6) Moore and Fung (1979), 7) Schroder

et al. (1982).

X Ka

Radar band L C
Radar frequency
(GHZ) 0.428 1.228 4.45 53 8.91 10.0 13.3 139 13.9 13.9 14.6 344
Radar wavelength
(cm) 70.1 244 6.73 5.65 3.7 3.0 2.25 2.16 2.16 2,16 205 0.87
Reference . 1 1 1 2 1 3 1 4 5 6 7 3
Incidence angle
20° —_ — — 0.6 (18°) — 0.65(22°) 1.12 — 087 — 098  0.34(22°)
1.0 (25°) 1.10 (25%)
30° 0.69 1.47 1.20 1.4 (35°) 1.10 1.70 1.49 1.39 1.40 1.88 1.54 1.49
0.34 0.55 0.91 0.95 1.42 (35°) 1.61 (32°)
1.28 1.20
40° —_ —_ 1.50 (45°) 1.4 (45°) 0.9 (45°) 1.98 —_ 1.89 2.04 2.18 1.71 1.29
1.36 (43°)
. 50° —_ —_— —_ 1.4 (55°) — 224 — 1.69 217 2.36 1.72 1.79
1.32
60° — — 1.30 — 1.35 2.30 — — 0.72 — 1.72 1.88
inconsistencies is striking. To be sure, intensity mea- k = 2« sind, (1.2)

surements of the kind involved here are difficult, and
involve problems of calibration, “ground truth” (the
comparison of measurements over an area as made by
radar with those at a fixed location in a naturally vary-
ing environment ) and averaging times that are not as
long as one would liké (particularly in aircraft mea-
surements). Furthermore, the numbers in Table 1 are
obtained frequently by fitting (1.1) to only a few discrete
measurements at different wind speeds, different ob-
servers in many cases covering different ranges. Al-
though one’s confidence in the individual values of
Table 1 is low, it does appear that most of the values
of H lie in the range 0.8 to about 1.5 except for the
higher frequencies (X-band) and larger angles of in-
cidence (40° and above) when values of two or more
appear. For the purpose of processing scatterometer
measurements, so-called G-H tables have been devel-
oped (for example, Schroeder et al. 1982, p. 3322) from
these kinds of data giving interpolated and smoothed
values to an apparent four-digit accuracy!

Efforts to understand the physical processes at the
sea surface that are responsible for these return signals
have been made for over thirty years, but the goal of
providing a better based, more general and more ac-
curate representation than (1.1) has remained elusive.
Already by 1955, Crombie had observed Bragg reso-
nances in wind-wave systems and Wright (1966) and
Wright and Keller (1971), using Doppler radar mea-
surements in a wind-wave tank, showed conclusively
that substantial signals were obtained from scattering
elements that moved with phase speeds equal to the
phase speeds of surface waves whose wavenumber k
was that associated with first-order Bragg scattering,
ie.

where « is the radar wavenumber and # the angle of
incidence. If the sea surface can be represented as a
superposition of random wave components of infini-
tesimal slope and with a two-dimensional spectrum
¥ (k) such that ¥ (k) = ¥(—k) with the mean square
surface displacement

fz=f‘1'(k)dk,

then the backscattering cross section per unit area of
the surface is given by the well-known Bragg expression
(e.g., see Valenzuela 1978; Brekhovskikh and Lysanov
1982)

0o = 4mk* cos*9F (0) ¥ (2« sind, 0).  (1.3)

In this equation, F,(6) depends on the polarization of
the transmitted and received signals, the form being
given explicitly by Wright (1966), Saxon and Lane
(1952), and Valenzuela (1978); the backscattered sig-
nal is provided by only that component of the surface
wave spectrum specified by the Bragg resonance con-
dition (1.2). ,

If first-order Bragg scattering represents the domi-
nant contribution to the return signal, then the vari-
ation of gy with wind speed reflects that of the spectral
density ¥ at the appropriate wavenumber. Until re-
cently it had been believed that the form of the surface
wave spectrum in the gravity wave range was deter-
mined by a saturation process ( Phillips 1958) and that
the spectral density was independent of wind speed
under saturation conditions. This is flatly inconsistent
with the results of Table 1, which, rough though some
of them may be, do indicate clearly that oy increases
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with wind speed. The approximations implicit in (1.3)
have been examined carefully by Valenzuela (1978)
and others; the presence of swell in causing tilt and
slope of the local surface containing the scattering
wavelets and in interacting with these wavelets does
modulate the local gp, but the overall spatial average
is changed only at the second order of the (small) rms

wave slope [ (V{)2]'/2. However, the most reliable ra-
dar measurements were (and still are) at frequencies
about 10 GHz and above (X and Ka bands, radar
wavelengths less than 3 cm) where the surface waves
responsible for Bragg scattering become increasingly
influenced by capillarity and molecular viscosity and
hence water temperature; the applicability of the sat-
uration-range ideas to these frequencies was certainly
in doubt. The inconsistency at lower radar frequencies
remained, but we learned to live with it.

There are good observational indications that not
all of the return signals are produced by Bragg scatter-
ing, particularly at near normal incidence, incidence
angles less than 30° or so, when specular returns are
large and also at large incidence angles and high fre-
quencies. Kalmykov and Pustovoytenko (1976) with
X-band (3.2 cm) radar at large incidence angles de-
tected “bursts”, sporadic, intermittent patches of high
intensity returns superimposed on the more general,
presumably Bragg-type, signal. Particularly evident
with horizontally polarized radar, these returns, com-
monly called “sea spikes” have been associated by
Wetzel (1986) and others with individual breaking
events. Wetzel has constructed an idealized model
based on the breaking plume description of Longuet-
Higgins and Turner (1974 ) that predicted radar cross
sections from individual events of the order of mag-
nitude observed (one or a few square meters), but there
seem to have been no published quantitative mea-
surements or estimates of their relative contribution
to the overall signal or variation with wind speed and
radar wavelength. Indeed, Chaudry and Moore (1984),
recognizing sea spikes as non-Gaussian contributions
to the return signals, went to extraordinary lengths to
remove them from their data, rather than accepting
them as an intrinsic and possibly important part of the
measurement.

The primary obstacle to a quantitative understand-
ing of these experimental results seems now to have
been a lack of understanding (and, in part, a positive
misunderstanding ) of the statistical and spectral prop-
erties of short gravity waves and breaking waves on
the sea surface. The purpose of this paper is to seek
more quantitative connections between recently de-
veloped concepts of the short-wave spectral structure
and statistics of breaking in wind-generated waves on
the one hand and, on the other, the more detailed and
precise radar backscattering measurements that have
become available. As it will appear, the connections
can now be made much tighter than was possible be-
fore, though some possibly significant discrepancies
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remain and some important phenomena such as the
spectral structure of gravity—-capillary and capillary
waves remain unexplored. Nevertheless, the hope is to
provide a better framework for the analysis of these
radar measurements under relevant conditions and, in
consequence, to give to the oceanographer greater
credibility to radar techniques in the measurement of
specific characteristics of the sea surface.

2. The double structure of sea surface scatterers

When the wind blows over the sea surface, it gen-
erates a distribution of waves of generally small slope
that propagate and interact weakly with one another.
If the energy input from the wind continues for a suf-
ficient time, sporadic breaking events occur on a variety
of scales from microscale breaking with capillary
wavelets to small splashing events to larger ones in
which air entrainment is vigorous and whitecaps are
formed. In these isolated sporadic events, which appear
and disappear, the local surface slope is not small
throughout the history of each one-—at any instant they
represent isolated steep convolutions of the surface su-
perimposed on an overall wavy background of small
slope. At any instant in time, if there are no ocean
current or topographic effects, active wave-breaking
events appear to be randomly distributed in space and
generally separated by distances large compared with
the dominant wavelength of the wave field, the specific
pattern of breakers changing constantly in time as they
are born, develop, advance, and decay.

Now, suppose this scene is illuminated by radar of
a particular wavelength and angle of incidence 6 which
is sufficiently large that specular reflections, except
possibly from breaking events, are unlikely. Except at
grazing incidence, most of the radiant energy is incident
on the surface covered by waves of small slope and a
backscattered signal is produced by the component of
the surface wave spectrum with wavenumber k speci-
fied by the Bragg condition (1.2). In addition, isolated
small regions where wave breaking is occurring with a
locally steep, convoluted configuration, produce pulse
returns as would any other localized target. In this type
of return, there is no tight association between the scale
of the target and the wavelength of the scattered radia-
tion as there is in Bragg scattering, so that a given radar
frequency can detect the local targets represented by
wave breaking over a considerable range of scales. If
the scale, &, of the breaking zone is very large compared
with the radar wavelength, A\, the return signal ap-
proaches what might be considered the optical or geo-
metrical limit, but as we shall see, large breaking events
are relatively rare. When the scale is very small com-
pared with the radar wavelength, the scattered return
approaches the Rayleigh limit, decreasing as (2/\)*.
For wave breaking events generating sea spikes, 2/
lies between these limits.

Since the individual breaking events at any instant
are distributed apparently randomly over the surface
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with distances between them large compared with the
radar wavelength, the return signals will have random
phase and so will add in mean square. Moreover, the
distribution of breaking events over the range of scales
detected by the radar should be independent of the

spectral density of the wave field at the particular

wavenumber that is Bragg resonant (unless, conceiv-
ably but rarely, this happens to be the dominant wave-
number of the wave field). Accordingly, the separate
contributions from Bragg backscattering and from the
localized breaking-wave sources, the sea spikes, will
also add in mean square. The backscattering cross sec-
tion per unit area of the sea surface, proportional to
the ratio of the return power to transmitted power, is
then the sum of the separate contributions from the
two:

Q.1

The Bragg contribution op is given by Eq. (1.3),
where ¥ is the surface wave spectral density. As men-
tioned previously, it had been believed that under an
active wind, the spectral density for gravity wave com-
ponents saturated at a level independent of u,, the
friction velocity of the wind. Recently, however, a more
detailed dynamical analysis ( Phillips 1985 ) has shown
that for wavenumbers k in the gravity range whose
propagation speed is not small compared with u,, i.e.

ko <k <min{(g/v)""?, g/uk}, (2.2

where ky is the wavenumber of the spectral peak and
« is the surface tension divided by water density, the
wave spectral density under equilibrium conditions is

¥(k) = B|cosp| Pu, g™’k (2.3)

0g = OB + Oss-

where 8 ~ 10? and ¢ is the angle between the wave-
number k and the wind. [ The directional distribution
in nature is certainly “smoothed out” near ¢ = *x /2
and may be enhanced near ¢ = 0 by the turning effects
of long waves; the definition is such that ¥(k)
= ¥(—k).] Other predictions from this analysis com-
pare well with experiment, though there has yet been
only scanty direct confirmation of the specific result
(2.3). If, however, this is substituted into (1.3), we
obtain for the Bragg backscattering cross section per
unit area

ulc\'?
os = 2732x8| cos¢| /% sin'/?0 cot"0F|(0)(—g—) ,

(2.4)
provided

2 sind < min {(g/7)"%, g/ul}. (2.5

For a given radar frequency (and so wavenumber «),
angle of incidence # and angle ¢ to the wind, o in-
creases linearly with friction velocity u,, provided (2.5)
is satisfied.
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The situation when the inequality (2.5) is not sat-
isfied is far from clear. In very light winds, the extent
of the equilibrium range specified by (2.2) may be too
small to allow a significant range of validity of (2.3).
Under high wind stress, when g/u% < (g/v)'/?, or u,
> (vg)"/* there is some evidence (Phillips 1985) that
short gravity waves are suppressed so that one might
expect oz to be less than that given by (2.4). Trains of
capillary waves generated by the wind over the longer
gravity waves will provide Bragg backscattering at fre-
quencies in the high X-band and Ka band (radar
wavelengths 1-2 cm), but the form of the mean cap-
illary wave spectrum and even the processes that de-
termine its equilibrium, remain unknown.

In addition, we have the contributions from the lo-
calized breaking-wave sources, the sea spikes discussed
by Wetzel, and to find this we need information on
the density of wave breaking on the sea surface as a
function of scale and friction velocity u,. There are
some conceptual difficulties in making a precise defi-
nition of the scale of a breaking wave in a way that
allows direct measurement, but the velocity ¢ of the
breaking front does provide a measure of the scale that
could in principle be found from a movie or video
record of the sea surface. Accordingly, let us define
A(c)dc as the average total length of breaking fronts-
per unit surface area that have velocities of advance in
the range c to ¢ + dc. Since ¢ = ¢(k), the average total
length of breaking front per unit surface area associated
with wavenumbers in the range k to k + dk is

: a(cy, €2)
A(k) = A(c) A ko)

(For the larger scale breaking events, ¢ = (g/k)'/? but
if short-wave breaking occurs only at the crests of longer
waves or swell, allowance must be made for the long-
wave advection). Now, as pointed out in an earlier
paper (Phillips 1985), the rate of energy dissipation
per unit length of a breaking wave with intrinsic speed
¢ is proportional to ¢’ /g or g%/2k~5/2, so that the spec-
tral rate of energy loss from the wave field by breaking
can be represented as

e(k) oc g3/%32A(Kk).

Finally, in the same paper, it was shown by considering
the spectral energy balance in the equilibrium range
that e(k) could also be represented in terms of the fric-
tion velocity of the wind as

e(k) oc |cosg| 3 2uik™2
Equating these two expressions gives for the distribu-

tion with respect to wavenumber k, of expected length
of breaking front per unit surface area,

A(k) = const|cosg| 3/2g73%k 23,  (2.6)

provided k satisfies the restriction (2.2).
Now, the scattering of radar waves incident on a
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FI1G. 1. A sequence of profiles in an individual breaking wave.

local surface convolution depends in a very compli-
cated way on the geometry of the convolution, its scale
relative to the radar wavelength and the angle of in-
cidence. As illustrated in Fig. 1, in each breaking event,
the surface passes through a sequence of configurations
before it disappears and at any instant, a large area of
the surface illuminated by the radar will, at each scale,
include samples of these configurations with equal
probability throughout the event, since they occur ran-
domly. If the height, 4, of the breaking zone is suffi-
ciently large that capillarity is unimportant, i.e., if 4
> (v/g)"/?, we can assert that breaking is an unsteady,
inviscid, gravity-dominated flow in which the geome-
tries of the sequences of breaking events are indepen-
dent of scale 4. The scattered wave pattern can then
depend on scale only through the combination «#4,
where « is the radar wavenumber. Consequently, the
radar cross section per unit area produced by breaking
waves with wavenumbers in the range k, k + ¢k must
be equal to the expected geometrical area of the scat-
terers associated with this wavenumber interval,
hA(k)dk times some dimensionless function of x4,
the angle of incidence 6, and the azimuth angle to the
wind ¢; this function depends in turn on the family
of surface configurations represented in the breaking
events. Note that we do not wish to describe the scat-
tering in terms such as “specular” or “wedge scattering”
as has sometimes been suggested; although these terms
may be appropriate at specific instants in each config-
uration, we consider the overall contribution of the
family of configurations at different scales presented
by the breaking histories. The total cross section per
unit area produced by breaking at all scales, the “sea
spike” contribution, is then

Oss = f hA(K)f1(xh, 6, X)dk, (2.7)
provided 4 > (y/g)'/? ~ 0.3 cm for an air-water in-
terface. Since under these conditions, the scale height,
h, of the breaking front is proportional to the wave-
length of the wave itself, or to k™!,

Oy = f k™ A(k)f2(k/x, 6, x)dk, (2.8)
where k/x oc A/ h the ratio of the radar wavelength to
the scale height of a breaker.

The integration in (2.8) is over the wavenumbers of
the equilibrium range, that is, over wavenumbers larger

than that of the spectral peak (ko) yet satisfying (2.2).
Now most radar observations have been made at X-
band frequencies or less, that is, radar wavelengths of
3 cm or more, which is at least an order of magnitude
larger than the scale 4 of the smallest breaking waves
whose geometries may be strongly influenced by surface
tension. The integration of (2.8 ) is then limited at high
wavenumbers by the Rayleigh cutoff with 1, oc (k/
k)% oc (A/h)~%, which decreases rapidly when A > A,
i.e., by the inability of the radar to detect the smallest
scales rather than by the equilibrium range limitations
on A(k), so that the upper limit of integration for &
can be taken as infinite without serious error. The sub-
stitution of (2.6) into (2.8) and integration over the
direction ¢ then gives

0= g [ K1k 0,0k
ko

= (%)3/2{.1:0 ~ Lko/" x‘/zfs(x)dx}, 2.9)

where x = k/« and the dependences on § and X are to
be understood. Now in oceanic circumstances in which
scattering from breaking waves may be significant (at
least moderate wind speeds and fetches, and so mod-
erately long dominant waves; high frequency radar)
the scale Ao of the largest breaking events is considerably
larger than the radar wavelength, so that Aok > 1, ko/
k < 1 and the function f is approximately constant in
the range (0, ko/«). Consequently, (2.9) reduces to
ulk

3/2
ass=F(8,X)(1’—) {1 —O(ko/x)*?}. (2.10)

A calculation of the form of the function F(8, x)
would require analysis of the scattering from the family
of three-dimensional local surface configurations in-
volved in wave breaking and this will not be attempted
here. One would anticipate, however, that the depen-
dence on X, look angle relative to the wind, would be
stronger than in Bragg scattering, and that, when look-
ing upwind, F would increase with angle of incidence
6, and, at given 6, would be larger when looking upwind
than when looking downwind.

Since the numerical values of X in (2.10) and ¢ in
(2.4) are the same, the combined backscattering cross
section oy per unit surface area is then the sum of (2.4)
and (2.10):
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8 2 12 . (uix)l/z
=—— |cos sin'/“f cot*0 F,(8)[ —
%= 5y, 19050 T\ e

2 372
+ Fy(6, ¢)(3§5) . @11

The primary condition for the validity of the first term
is given by (2.5) (i.e., Bragg scattering from short grav-
ity wave components ) and for that of the second term,
ko/x < 1 (i.e., radar wavelengths small compared with
the scale height of the largest breaking waves). The
relative magnitudes of the functions F, and F; is, a
priori, unknown.

3. The frequency per unit area of breaking events

Individual breaking events are fugitive and sporadic;
the radar sea spikes associated with them are transient.
Kalmykov and Pustovoytenko (1976) reported that the
duration of the individual “bursts” they recorded was
between 0.1 and 0.3 s with a 3.2 ¢cm radar at glancing
incidence in a sea state 3—-4 with a median wave height
2-2.5 m. Evidently the primary, most intense return
is derived from a short time interval in the evolution
sequence illustrated in Fig. 1; it is of interest to inquire
about the expected frequency per unit area with which
such events occur and the dependence of this frequency
upon wind speed.

The total length per unit area associated with wave-
numbers in the range k, k + dk is A(k)dk, and because
of the geometrical similarity expected, the average
length of each breaking segment is proportional to k™!,
Consequently the number of individual segments per
unit area at any instant is proportional to kA (k)dk.
The lifetime of each event and so the duration of each
spike is, for the same reason, proportional to (but a
smallish fraction of) the wave period n~! so that the
expected number of events appearing (and disappear-
ing) per unit area per unit time is this number density
divided by the lifetime, or nkA (k)dk:

v(k)dk oc nkA(k)dk. 3.1)

If we consider the larger scale breakers producing the
more intense sea spikes, the advection by the orbital
velocity of longer waves is of lesser significance and »
~ (gk)'’? and (3.1) reduces to
v(k)dk oc g%k *A(k)dk
oc |cose| 32g ' k*uldk, 3.2)

from (2.6). The total number of breaking events per
unit area per unit time associated with waves whose
wavenumbers lie between ky, that of the spectral peak,
and k;, some upper limit, is therefore

vibo, k) = [ f,: (k) dk

oc g7 ud(ki* — ko). (3.3)
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Now, in a radar measurement of sea spikes, suppose
we count only those events whose intensity or whose
duration exceeds some convenient threshold that en-
ables them to be identified unambiguously. Since the
threshold intensity and duration both increase mono-
tonically with increasing wavelength, either choice
corresponds to a threshold wavenumber k; below which
the associated sea spikes will be identified; if in a rea-
sonably well-developed sea state, this wavenumber is
substantially larger than that of the spectral peak, k;*
> ko* and (3.3) reduces to

V(kl) oC g'lkl“ui. (34)
When the radar-scanned area A is such that few of the
intervals of intensive return overlap, the total number
of sea spikes recorded per unit time for a fixed threshold
is v ( k 1 )A .

4. Comparisons with radar measurements

It is interesting to note even at this stage that the
qualitative trends for the “wind speed exponent” of
Table 1 are not inconsistent with the prediction (2.11).
At large incidence angles and small radar wavelengths,
H is generally large; if the second term in (2.11) dom-
inated, it should approach 3. Otherwise, when Bragg
scattering predominates, the exponent should be close
to unity. However, many of the sets of measurements
summarized in Table 1 are relative measures at differ-
ent wind speeds (the numerical values of ¢( involve
an arbitrary multiplicative constant) rather than ab-
solute measures in which the system was calibrated
using the return from a known scattering object of
simple geometry. As a result, it is not possible in most
instances to compare directly the actual data points
from different sets. There is, however, one important
set of published data obtained by Guinard et al. (1971)
using four different radar frequencies from 0.4 to 9
GHz over a range of wind speeds, that is carefully cal-
ibrated so that measurements at different radar fre-
quencies can be intercompared. These results, about
20 years old, report values of cross section g, that are
median rather than mean values, The Bragg contri-
bution to the total return signal is approximately
Gaussian and for this part, the median and the mean
are approximately the same. Superimposed on this,
however, is the sea spike contribution with sporadic
short intervals of potentially much greater intensity. If
the fraction of the total observation time occupied by
sea spike returns is small, their influence on the median
is small, no matter how great their intensity. Such
measurements therefore tend to suppress the sea spike
contribution relative to the Bragg contribution, so that
a priori one would expect to find a linear dependence
on (uyk'/?g='/?), The Guinard et al. measurements
were obtained from aircraft with relatively short av-
eraging times and therefore have a good deal of scatter,
but nevertheless, when viewed as a whole, they will be
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seen to provide striking support for a dependence of
oo on (uyk'/2g™1/?) that is, within experimental ac-
curacy, linear over the range of observational condi-
tions.

These measurements were made near ocean weather
stations India and Juliet in the North Atlantic Ocean,
which provided wind speed, direction, and gross wave
information. All were made in the upwind direction.
Individual values of the median normalized cross sec-
tions oo measured at the four frequencies for various
angles of incidence and wind speeds were read from
enlarged prints of their diagrams. No wind profile
measurements were available and the results are not
categorized quantitatively in terms of air~sea temper-
- ature differences, so that their quoted values of wind
speed were converted to u, using a drag coefficient of
1.5 X 1073 at the higher wind speeds (11-24 m s™')
and 1073 at 2.5 m s™'. The values of ¢, were then
replotted in terms of (u,«'/?/g'/?) for the various an-
gles of incidence between 30° and 85° and for HH and
VV polarizations.

The results are shown in Figs. 2a to 21. Results from
incidence angles 0° and 15° are not shown; the return
at these angles is primarily specular. It is evident from
these figures that the results at the different radar fre-
quencies do form clouds in which the scatter of oq val-
ues is generally no greater than it is in the individual
sets of measurements at each frequency, and so are
consistent with a scaling of the form

1/2

oo = function(u—;%z—) . 4.1)
The measurements at the lowest wind speed (nominally
2.5 m s7"), represented by the three left-hand-most
points in each figure tend to scatter more widely than
the others, presumably as a result of low wind speed
variability. The line in each figure drawn through the
points corresponds to a linear dependence of oy upon
(uuk'/?/g'?) and the measurements are generally
within +3 dB of these lines. The results for VV polar-
ization at 70° and 80° incidence angles are somewhat
more scattered than the others and the ““best fit” slope
for HH polarization at 70° would be larger than unity,
but if the low P-band measurements are ignored, the
linear dependence fits well. The HH results at 60°, 80°
and 85° give no hint of a larger slope.

It is clear from an examination of these figures that
the measurements made at each separate frequency
and angle of incidence do not individually define a
wind speed dependence—the scatter in the four or five
points is too great. Nevertheless, the values in Table 1
are derived from individual sets such as these by least-
squares fitting. Only when the results from different
radar wavelengths are plotted together does any con-
sistent pattern emerge. Any one of these figures 2a-1
indicates that the results do group according to (4.1)
and suggests that the functional dependence is close to
linear. The fact that all of the results at different po-
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larizations and angles of incidence group close to the
same slope is, to this author, persuasive evidence that
the dependence of oo on (u,x/2g'/?) is indeed linear
over this range. There is no real indication of a steeper
slope at the larger values of (u,x'/2g~'/?) and larger
angles of incidence, so that the contribution to the
overall median o, from sea spikes associated with
breaking waves seems insignificant. These measure-
ments are intrinsically unable to resolve the question
of the contribution of sea spikes to the mean gy, so
that the influence of the final term in (2.11) remains
unexamined. The fact, however, that the values of H
in Table 1, obtained by fitting a single power, are con-
sistently greater than unity is consistent with the poly-
nomial expression (2.11). There is, in fact, possibly a
hint of saturation in some of the figures at large values
of (uek'/2g7?), but it is far from clear. Apparently
the inequality (2.5) does not have to be satisfied
strongly for the Bragg backscattering expression (2.4)
to be reasonably accurate.

In section 3, an expression is offered for the fre-
quency of occurrence of sea spikes generated per unit
area of the sea surface, but there seem to be no pub-
lished measurements yet available with which it can
be compared. The predicted cubic dependence on u,
for a given threshold is however interesting, and raises
the possibility that, if the general form (3.4) could be
confirmed experimentally, a more sensitive and poten-
tially simpler method for the measurement of wind
stress (particularly larger values) could be developed
using counting techniques rather than intensity mea-
surements.

5. Conclusions

The measurements discussed in the previous section
confirm (i) that over the range of angles of incidence
between 30° and 85°, the backscattered cross section
scales with friction velocity and radar wavenumber as
functions of u,x'/2g~!/2, indicating the applicability
of equilibrium range ideas; (ii) that the dependence is
close to the linear form predicted for Bragg scattering
alone.

It would be extremely valuable if systematic high
quality data at high incidence angles were available on
the frequency of occurrence of sea spikes. Three basic
physical problems are associated with the use of Bragg
scattering returns for the measurement of wind speed.
First, intensity measurements to an accuracy of =1 dB
or so, as are required, are extremely difficult to make,
and subject to attenuation and other corrections. Sec-
ond, the measurement is spectrally specific, and the
measurement of the spectral density of a particular
component of a random sea to a given accuracy re-
quires very large samples, with consequent degradation
of spatial / temporal resolution. Third, when u,«'/2g~'72
exceeds about 2, the physics of the surface waves in-
volved in Bragg returns becomes very complicated and
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FIG. 2. The dependences of median o, on (u,c'/2g™!/2) at various angles of incidence and for VV and HH polarizations, as measured
by Guinard et al. (1971). Wind speeds range from 2.5 to 24 m s™'; measurements taken during snow are not plotted. X: X-band, 8.91 GHz,
radar wavelength 3.4 cm; O: C-band, 4.45 GHz, 6.9 cm; +: L-band, 1.228 GHz, 24 cm and @: P-band, 0.428 GHz, 70 cm.

-

obscure, involving additional surface and fluid prob- conditions in which the accurate determination of u,
lems, and the behaviour of o, becomes very ragged. is most important in many applications. It would, in
Unfortunately this range corresponds to high wind principle, be possible to use substantially smaller radar
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FI1G. 2. (Continued)

wavenumbers, lower frequencies than the 5-10 GHz
range now used, in order to keep the operating range
within the apparently better defined linear region, but
this would require larger antennas that are very un-
desirable in satellite operations.

An alternative procedure would be to take advantage
of the sea spike returns, rather than trying to suppress
them. Counting techniques are intrinsically simpler
than intensity measurements, and if at the larger in-
cidence angles where ordinary specular reflections are
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negligible, a suitable threshold can be found to give
unambiguous identification of spikes with a sufficient
sampling rate (the Bragg-type returns might be sup-
pressed by filtering), Eq. (3.4), suitably calibrated,
would allow u, to be measured. Other advantages as-
sociated with this proposed technique are that it would
(1) have a stronger u, dependence (cubic) allowing
better discrimination particularly at high wu, values, (ii)
not be spectrally specific, but depend on the integral
effect of all breaking scales above that associated with
the chosen threshold and consequently be insensitive
to surface properties and small-scale surface wave pro-
cesses and (iii) provide stronger directional response
with a probably strong upwind-downwind asymmetry
allowing wind directions to be determined without
ambiguity. Before this suggestion can be implemented,
however, more high quality measurements at larger
incidence angles are necessary.
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