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Abstract. The relationship between the
ocean's normalized radar cross section (NRCS) at
14.6 GHz and the surface wind vector is derived
using the 3 months of Seasat microwave scattero—
meter (SASS) measurements. The derivation is
based on the statistics of the SASS observationms,
and no in situ measurements are required, other
than a mean global wind speed, which comes from
climatology. The frequency distribution of the
global wind vectors observed by SASS is assumed
to be a bivariate normal probability function. A
NRCS model function is found that maps the as—
sumed wind vector statistics into the observed
SASS NRCS statistics. This function is compared
with a NRCS model coming from the Joint Air Sea
Interaction Experiment (JASIN) and with aircraft
scatterometer measurements, The results indicate
that the statistically derived NRCS model is an
improvement over the JASIN model, which was based
on a limited number of in situ anemometer mea—
surements.

1. Introduction

The relationship between the ocean's radar
cross section and wind has been under investiga-—
tion for several decades. The early experiments
revealed a strong correlation between the normal-
ized radar cross section (NRCS) and the surface
wind speed W [Cowan, 1946; Kerr, 19515 Grant and
Yapley, 1957]. During the 1960's and 1970's, the
Naval Research Laboratory (NRL) [Guinard et al.,
1971; Daley, 1973] and NASA Langley Research
Center [Jones and Schroeder, 1978] flew many
aircraft scatterometer missions to quantify the
NRCS versus wind relationship. At first, the NRL
data seemed to show a weak NRCS versus wind speed
dependence. However, a reanalysis of the NRL
data [Claassen et al.,, 1972] showed a stronger
wind dependence, which was consistent with the
results coming from the Langley AAFE RADSCAT
experiments, The first satellite scatterometer
experiment was conducted aboard Skylab in 1973,
using the S—193 RADSCAT [Young and Moore, 1977].
The basic conclusion coming from these various
experiments was that the NRCS increases as a
power of wind speed and varies with wind direc—
tion as the cosine of 2X, where X is the observa-
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tion azimuth angle relative to the wind direc—
tion,

The launch of the Seasat 14.6 GHz scattero-—
meter (SASS) in 1978 began a significant advance-
ment in understanding radar backscattering from
the ocean. For the first time, the NRCS of the
world’'s oceans were systematically measured by a
stable~gain scatterometer. During the 3-month
life of Seasat, SASS took 20 million radar obser—
vations of the ocean surface, which were archived
on magnetic tape. The first utilization of the
SASS data was to better define the NRCS versus
wind vector relationship (i.e., the NRCS model
function). The approach was to compare the wind
vectors coming from the original SASS geophysical
algorithm with wind fields generated from in situ
anemometer measurements. The original algorithm
utilized a model function derived from the
Langley RADSCAT aircraft measurements [Wentz,
1977]. The in situ winds came from two oceano—
graphic experiments: the Gulf of Alaska Seasat
Experiment (GOASEX) and the Joint Air Sea Inter—
action Experiment (JASIN) [Brown et al., 1982],
with JASIN receiving the most emphasis. Statis-—
tics on the so-called error between the SASS wind
and the in situ wind were generated and strati-
fied according to polarization, incidence angle,
and wind speed. The NRCS model function was then
modified so as to eliminate any biases between
the SASS winds and in situ winds [Jones et al.,
1982; Schroeder et al.,, 1982].

There are a number of drawbacks to the JASIN
derivation of the model function. First, the in
situ wind fields are subject to error. Although
Brown et al., [1982] estimate the JASIN fields are
in error by +1 m/s, Weller et al. [1983] indicate
that the actual error is larger due to problems
with the buoy anemometers and that the reference
anemometer W2/VAWR is biased high by 10%. Addi-
tional errors in the in situ wind fields will
result from unknown mesoscale turbulence. The
second problem is the small number of observa-
tions. For & given polarization, 5° incidence
angle stratification, and 2 m/s wind speed stra-—
tification, there are typically omnly 7 JASIN
comparisons between the SASS wind and the field
wind. The problem is compounded by the fact that
the comparisons are not always independent in
that the same wind field is used in different
comparisons. Finally, the derivation was not
subject to any physical or statistical re—
straints., The degrees of freedom in tuning the
model function were much greater than the number
of observations. For example, when an error was
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Fig. 1. Derivation of NRCS model function.

detected for a particular polarization, incidence
angle, and wind speed, the corresponding entry in
the model function table was changed so as to
eliminate the error. This NRCS table, which is
called the GH Table, has a total of 1596 entries
that may be adjusted.

We consider SASS to be a highly accurate
spaceborne anemometer capable of measuring synop—
tic and mesoscale wind field features better than
conventional anemometers. In view of this and
the problems with the JASIN tuning, we began
investigating ways to derive the NRCS model fumc-
tion without resorting to in situ anemometers.
Our approach is depicted in Figure 1, The fre-—
quency distribution of the wind speed at a 50-km
resolution over the globe for the 3-month Seasat
period is assumed to be a Rayleigh distribution,
and the distribution of the wind direction rela-
tive to the SASS antennas is taken to be a umi-
form distribution. Statistics on the means and
variances of the 20 million SASS NRCS measure-
ments are computed and stratified according to
polarization and incidence angle. The problem is
to then find a function that will map the wind
speed and direction statistics into the observed
NRCS statistics. To do this, we use a simple
model that relates the NRCS to polarization,
incidence angle, wind speed, and relative azimuth
angle. The model has six parameters, each of
which depends on polarization and incidence
angle. We find values for the parameters so that
the model produces the observed NRCS statistics
given as input the assumed wind statistics. The
resulting model is then compared with the JASIN
model and with aircraft scatterometer measure-—
ments.

2. Wind Vector Probability

SASS sampled the wind vectors over the world’'s
ocean for a 3-month period from July 7 to October
10, 1978. Four dual-polarized (horizontal and
vertical) fan beam antennas orientated at 45°
angles relative to the subtrack produce an X-
shaped illumination pattern on the ocean surface.
In this way, the ocean is first viewed by a
forward antenna, and them 1 to 3 min later (de-
pending on swath position) is viewed by an aft
antenna at an orthogonal direction relative to
the forward antenna, Sixty-one 4.8 ms pulses are
transmitted to the surface, and the return sig-
nals are processed by 15 Doppler filters to ob-
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tain individual footprints along the fan beam.
These footprints are about 50 km along the fan
beam and 17 km across. Three footprints are
close to nadir, having incidence angles of ap-—
proximately 0°, 4°, and 8°. The remaining 12
footprints fall within the incidence angle range
from 22° to 65°., The Doppler filtering techmnique
is distorted by the earth’s rotation, and as a
result the swath width and incidence angle range
varies over an orbit. A complete description of
the instrument and footprint geometry is given by
Bracalente et al. [1980].

During the 3-month life of SASS, 2.7 million
h-pol and 19.1 million v-pol measurements of the
ocean surface were taken, In our data proces—
sing, we stratify these data into 4° incidence
angle bins, Each bin contains between 100,000
and 300,000 measurements for h—-pol and between 1
and 2 million measurements for v—pol. We let {W}
denote the ensemble of wind vectors W that are
sampled by a given polarization and incidence
angle bin over the entire globe for the 3-month
period. We assume (W]} is distributed according
to a bivariate normal probability functiom

P(WX.WY) = exp[—(W; + W;)/ZAW’]/(ZHAW’) (1)

where Wx and W_ are two orthogonal components of

¥ (for example, along and perpendicular to the
antenna beam) and AW is the standard deviation of
Wx and W_.

The degree to which P(WX,W ) actually repre-

sents the frequency distribution of {W} impacts
all subsequent analysis., The assumption that Wx
and W_ have a zero mean requires that there is a
high degree of variability in the wind vector
relative to the antenna observation direction.
The cyclonic wind patterns in the mid-latitudes,
the easterly trade winds in the tropics, and the
westerlies in the poleward latitudes certainly
provide this variability, along with the fact
that the antenna directions rotate +72° during an
orbit, In addition, the results in section 4
show that the average radar returns for the four
antennas are nearly equal, indicating that Wx and
W _ are indeed zero—mean deviates. Other re—

searchers [Brooks et al., 1946; Davenport, 1967]
have also concluded that (1) is an accurate sta-—
tistical description for the wind vector.

For our purposes, it is more convenient to
express P(Wx,w ) in terms of the wind magnitude W
and its direction X relative to the antenna,
Doing this transformation gives

P(W,X) = W exp(-W3/2AW2)/(2nAW?) (2)

Apart from the factor of 1/2m, this is a Rayleigh
distribution in wind speed. The 1/2n represents a
uniform distribution in X over the range 0 to 2m
The mean wind speed W for the distribution is
related to AW by

#=(untaw (3)

Hence, the distribution has only one degree of
freedom, the mean wind ¥. The U.S. Navy Marine
Climatic Atlas [U. S. Navy, 1981} is used to
specify W. For the months of July, August, and
September, the mean global climatic wind speed is
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7.4 m/s, The SASS v-pol measurements are evenly
distributed over the world’'s oceans for these 3
months, and hence we set W = 7.4 m/s for v-pol.
However, the h—-pol measurements are not uniformly
distributed, with a disproportionate number of
measurements being at the extreme northern and
southern latitudes.

In order to determine W for h-pol, we use the
SASS I geophysical model [Jomes et al., 1982]) to
compute a mean global wind speed from h-pol and
v-pol measurements, separately, The computed h-
pol mean wind is 1.1 m/s higher than the v-pol
wind. This difference consists of two compo-
nents: an instrument/model bias and an actual
offset due to h-pol heavily sampling the extreme
latitudes. The instrument/model bias is found by
looking at those time periods for which h-pol and
v-pol measurements were taken simultaneously
(i.e., SASS modes 3 and 4). For these cases,
both polarizations are seeing the same wind
fields, and any offset in the retrieved wind must
be due to instrument and/or geophysical model
biases. For the combined h-pol/v-pol cases, the
h-pol wind is 0.5 m/s higher than the v-pol wind.
Thus we attribute 0.5 m/s of the total 1.1 m/s
offset to instrument/model bias and the remaining
0.6 m/s to the differences in sampling. On the
basis of this analysis, the mean wind speed W for
h-pol is set to 8.0 m/s.

The specification of ¥ is, of course, subject
to error, although we expect the error to be less
than 0.5 m/s. Fortunately, as section 4 shows,
the calculation of the NRCS wind sensitivity
coefficient a, does not depend on W. The NRCS _
proportionality coefficient a, does depend on V.
This dependence ig_(l/W)a°, where a, is about 2.
Thus, an error in W produces a simple multiplica-
tive bias in the NRCS model,

3. NRCS Model Function

Guinard et al, [1971] suggested a simple em-—
pirical relationship between the NRCS and wind
speed:

o® = aW® (4)

where & and a depend on polarization and inci-
dence angle 6., Later experiments by Jones and
Schroeder [1978] showed that a and @ also depend
on the relative azimuth angle X, which is the
observation azimuth direction relative to the
wind direction. This X dependence is such that

a=agq (5)

a=a, +5% (6)
where a, and a, are the average values of a and a
over all wind directions. The terms g and &
contain the X dependence. The term g varies by
+0.5, or less, about unity, and 8 varies by +0.2,
or less, about zero. Since 5 is small compared
to unity, ome can approximate (4) by

o0 = a°qwo.°+6

~ a W% [g + 2.3¢5 log Wl (n

where 2.3 is the natural logarithm of 10. Note
that the approximation in (7) does not necessar-—
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ily decrease the accuracy of the o° model, since
the original expression (4) is only an empirical
approximation.

The wind direction terms q and gb can be
expressed in terms of a partial Fourier series.

g =1+2a, cos X + a, cos 2% (8)
2.3q% = a; cos X + a, cos 2% (9)

where qb varies about zero and hence has no bias
term, Since the X dependence is different for
different polarizations and incidence angles, the
a's and a's depend on polarization and 6.. Im-—

plicit in (8) and (9) is the assumption that o°
is symmetric about the wind direction, and hence
there are no sine terms. We only retain the
first two harmonics because aircraft experiments
conducted by NASA Langley Research Center under
the AAFE RADSCAT Program indicate the higher—
order harmonics are insignificant (see section
5). Combining (7), (8), and (9) yields

6% = A, + A, cos X + A, cos 2% (10)
A, = a,¥% (11)

A, = (a, + a; log WA, (12)

A, = (a, + a, log WA, (13)

These four equations define the NRCS model func—
tion,

The obvious question is to what degree is the
NRCS model given by (10) through (13) an oversim-—
plification, First, it is doubtful that ¢° in-
creases exactly as a constant power of wind
speed, as (11) dictates. However, systematic
departures from a power law relationship have yet
to be observed and await further investigation.
In addition there are a number of other factors
that may degrade the accuracy of the NRCS model.
The particular nature of the wind turbulence
within a footprint, the wind fetch and duration,
and the underlying long gravity waves can cause
different roughness patterns for the same mean
wind vector. Also, Kinsman [1965] pointed out
that viscosity is an important parameter in de-
termining the decay time for the shorter capil-
lary waves (~2 cm) that are responsible for Bragg
backscattering. Since the viscosity of water
increases by a factor of 1.5 as the sea—surface
temperature decreases from 30° C to 12° C, the
NRCS may also be affected by variations in the
sea temperature. However, these secondary depen-—
dencies appear to be small, and we do not attempt
to model them at this time.

The special case of backscattering for imci-
dence angles near nadir (0° to 8°) is discussed
in section 6. For these incidence angles, we
assume no wind direction dependence, and the NRCS
model is simply given by (11).

4, Determination of Model Parameters

The parameters in the NRCS model function that
need to be specified are a,, a,, a,, a,, a,, and
a,. Each of these parameters depends on polari-
zation and incidence angle, The parameters per-—
taining to the zeroth and second harmonics (sub-
scripts 0 and 2) can be found directly from the
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statistics of the SASS NRCS measurements. How-
ever, we see no direct way to find a, and a, for
the first harmonic from the SASS data. The first
harmonic is a measure of the variation of the
NRCS over a 180° change in X. This type of
variation was never measured by SASS because a
given ocean area was viewed at azimuth angles
separated by 90°, not 180°, As discussed in
section 5, we rely on AAFE RADSCAT aircraft cir-
cle measurements to specify a, and a,.

The NRCS measurements from the forward and aft
antennas are first collocated into 50 km square
cells. For a given cell, all forward antenna
measurements are averaged to obtain ¢}, and all
aft measurements are averaged to obtain o2,

Fg =09 + g, (14)
o3 = a3 + e, (15)

where oy and of are the actual NRCS values for
the bin and e, and e, are errors due to Rayleigh
fading and instrument noise. On the basis of
strength of the return power, the SASS sensor
algorithm estimates the mean squared errors e?
and g2. Note that the mean error is zero. For
each cell, the following sum and difference are
found:

5= (o9 +a3)/2 (16)

d = (63 - 039)/2 (17)
The mean incidence angle Oi for the cell is also
computed. .

The quantities s, d, ¢}, e}, and 8, are binned
according to polarization and ei. The width of
the bins is 4°, except for the nadir bin that
contains measurements between 0° and 2°. For
example, the nth bin corresponds to Bi = 4n 2,

where n=0 to 17, For each polarization and ei

bin, the following averages are computed over the
entire 3 months of SASS ocean measurements:

~

. 2
(s < d >9,X,W'

9%, %W

o, 0,% ‘Yo, 1w
(82 + e2)/4>

$d9,1,W

6.x,W

where <"')e LW denotes that the average is over

an ensemble of incidence angles (+2° within the

bin), wind directions,~gnd wind speeds. There is
1 1 2 2

a noise component in (s )O,X,W and <d >9,1.W due

to ¢2 and e}. This noigf component does not

occur in the averages (S)G,X,W and <d>6,X,W be-
cause the average value of ¢, and ¢, is zero.
The noise—free values for the averages are
(’>e,z,w = <s>6.X,W (18)
Do, 1w = Po,x,w 19
= (s - 2
SRR <s‘>e'x”w ((e% + e’})/‘i)e‘l'w (20)
3 = ¢gd3 -
Whhg gy = %9 gy = (ei + e3)/4g 4y (21)

The average (d)9 LW is always very close to

zero and is not actually used in the derivation
of the model function., For example, the ratio of
<d>9,X,W/<s>6,X,W varies from —-0.06 to 0.03,

depending on €, bin and polarization. Thus the

average difference between the forward and aft
antenna is only a few percent of the average NRCS
for both antennas. Our assumption of a uniform
distribution for wind direction requires that
(d)e LW be zero, and the observations are con-—
sistent with this assumption. In other words,
the forward and aft antennas observed nearly the
same NRCS when averaged over 3 months. The small
residual values for <d>6,X,W are due to small
relative antenna gain biases in the sensor algo-—
rithm and/or a slight departure from a uniform
wind direction distribution,

Ve make a small correction for the effect of
averaging over a 4° incidence angle bin. Section
7 shows that

<Y>X,W = t.<y)e'x'w (22)

where y denotes either s, s2, or d* and ("')x W
’

is an average over X and W that has been normal-
ized to the mean incidence angle (ei)e LW for

the bin in question, . The parameter t accounts
for the fact that the average of y over the
incidence angle bin does not necessarily equal
the value of y at the average incidence angle for
the bin. If y varied linearly with ei then the
equality would hold, and t would equal 1., How-
ever, y actually varies more like exp(c6.), and
as aresult t is between 0,93 and 1. :

Working with the Oi corrected averages, omne
may write

© 2n
gy = fav faxponner v oz 23)
’ 0 0
©  2n
52>,y = Jaw far pon, a0 (o9 + ag)2/4 (24)
’ 0 0
© 27
@, = fav fax 2o (o3 - ag)a/a (25)
o 0

where 6] and o9 are given by the model function
(10). The relative azimuth angles for o? and o9
are denoted by X, and X,, where

L, = %, + n/2 (26)

The X integrations are easily done, giving

)y y = jaw P(W)A, 21
0
s> = faw pon Az + A/ (28)
0
@, = fan pon s + a0 (29)
0

where P(W) is a Rayleigh distribution in wind
speed.
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P(W) = W exp(-W2/2AW3)/AW32 (30) level 1: ;/(;)e W less than -4.,5 dB,
A (11 sh h . ¢ A2/4 | 1 level 2: ;/(§>e X.W between -4.5 and -1.5 dB,
s we will show, e value of A2 is sma .o, Ok _
compared to A2. This fact allows for an itera— level 3: f"f’e,x,w between —1.5 and 1.5 dB,
tive solution for a, and a,. To begin, we set A, level 4: i/<i>9,x,w between 1.5 and 4.5 dB,
to zero and compute the following ratio level 5: s/(s)e LW greater than 4.5 4B,
where (:)9 LW is tﬂe'avetage of all the s values

faw p(w Az
0

(s‘)x’w/<s)i'w = — (31)

©

| faw pca, ]’
0

Noting that A, = aoW““, the integrals can be
evaluated in terms of the gamma function. The a,
coefficients cancel out and one obtains

2>y W< y= I+ a)/[I(1 + a,/2)]* (32)

where I(:-*) is the gamma function. Thus under
the initial assumption that A, = 0, the ratio of
(s’),ﬂW to <s)i'w depends only on a, via the
gamma function ratio., It is interesting that the
ratio does not even depend on our choice for the
mean wind speed W. As @, increases from zero,
the gamma function ratio monotonically increases
from unity. We compute a table of the gamma
function ratio versus a, for a, increments of
0.01. The table is then used to look up Gy,
given (sz>l,w/(s>i W Having found a,, we next

»

compute a 6 by inverting (27).

8o = (s> ¢/ [(282)%% [(14a,/2)] (33)

In the second iteratiom, A, is not set to zero
but rather is given by

A, = (a; + a; log Wa,W% (34)

which corresponds to (12). The parameters a, and
a, come from the first iteration, and a, and a,
are derived from aircraft data. The A; component
of <s‘>l w is then subtracted out. That is to

say, in 631) and (32) the term <s3>l W is re-
placed by '

©

Cs2dp o= sy u - faw P(WAZ/4 (35)
)

l'w

where the integral is numerically evaluated using
d¥W = 0.1 m/s., Having corrected for the A, term,
we then find a, and a, in the same way as in the
first iteration., The A, term is small compared
to the A, term, and the new a, changes by 2% or
less from those found in the first iteration.
Only two iterations are required for adequate
convergence.

The two remaining parameters to be found are
a, and a,. In order to find these two parame-—
ters, we must further stratify the measurements
in a given bin according to the mean NRCS value
s. To be specific, an observation is put into
one of five different levels:

contained in the polarization and incidence angle
bin under consideration, Then in a manner anala-—
gous to that discussed above, the data in each
level are averaged over the 3 months of SASS
ocean measurements, the noise component is sub-—
tracted out, and the incidence angle correction
is made. The result of this data processing is
two averages of the form

Wj+1

s, w o= faw panaz + a2/ (36)

LW,

dW P(W) (A2/2 + A2/4) (37)

where the subscript j indicates the average is
for the jth level. The term W, corresponds to
the lower wind speed limit for the jth level. It
is ca{ynlated from the lowest mean NRCS measure-
ment s, in the j level, According to the model

function (10) and definition (16), ;j is given by

Ej = A, + Ajlcos Xy - sin X,1/2 + (ey+e,)/2  (38)

Neglecting the noise term and the A, term, which
is small compared to the A; term, and using (11),
one obtains a good approximation for the wind
speed that would produce the observation ;j

~ 1/
W= (5,730 %o (39)

where a, and a, have been derived above. The
value of s, for level 1 is zero, giving W, = 0.
For levels 2 to §, ;j is given by

~ o~
sj =10 <s>e,x,w (40)
where n = -0.45, -0,15, 0.15, and 0.45 for j =2
to 5, respectively. The value of W,, which is
the upper wind speed limit for level 5, is set to
infinity.

Having determined the wind speed ranges for
each level, we then find a, and @¢,. This is done
by first computing the following:

Wj+1

jaw P(W)A2/2

¥
Ys = (41)
J wj+1

2 -
ST de P(W)A2/4

J

2 -
2<d >xlwlj

where there is now sufficient information to
numerically compute the two integrals, In terms
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of a, and a,, the quantity Yj is given by

Wj+1
JdW P(W)(a, + a, log W)2 A2
¥.
J
Wj+1
Jaw powaz
Y

In the above expression, the log W term varies
slowly compared to the A, term, and there exists

an effective wind speed Wj for which

Y. = a, +a, log W, (43)
J J
where W, is close to the mean wind speed for the

j level. Numerical simulations show that log [}

is accurately approximated by i
Wj+1
Idw P(W) (A, log W)2
_ Y
(log WJ.)z = - (44)
i+l
de P(W)A2
V.
J

In terms of Y., the error introduced by this

approximation is 0.5% or less, Using (41) and
(44), five values for Y. and log W, are computed

for the five levels, A least—squares fit to the
five points is then done to determine a, and a,
according to (43).

For incidence angles greater than 52°, the
50 km cells do not contain NRCS measurements from
both the forward and aft antennas, and the above
derivation cannot be used. However, it is possi-
ble to obtain a value for the coefficient A .,
For incidence angles bins above 52°, the NRCS
measurements are simply averaged together without
regard to antenna. At certain times in the orbit
the forward antenna footprints will extend out to
these high incidence angles, and at other times
the aft antenna will, Averaged over an orbit,
there will be approximately the same number of
forward and aft measurements in a given incidence
angle bin. This type of average has the same
statistical properties as (s)x W and as such can
be used in (33) to compute ao,'given a,. For ay,
we used the value found at 52°. The computed a,
and assumed a, are then used to calculate the
value of A, at 10 m/s, which is given by

A, = a,10% (45)

Fortunately, the value of A, at 10 m/s is insen—
sitive to the choice of a,. A positive error in
a, will cause a, to decrease and 10% to in-
crease. The resulting error in A, is small,
being about 5% for an estimated 0.2 error in a,.

5. Analysis of Aircraft Data

During the 1970's, NASA Langley Research
Center flew a series of aircraft scatterometer

missions under the AAFE RADSCAT Program [Jones
and Schroeder, 1978]. In our analysis, the air—
craft measurements from missions 238, 306, 318,
and 335 are used to determine the NRCS model
parameters a,, a,, a,, and a,. We do not attempt
to determine a, and a, because they are sensitive
to biases in the aircraft data and errors in the
in situ data. During these missions, the air-
craft flew circles such that the relative azimuth
angle X varies from 0° to 360°. The NRCS mea-
surements were integrated and dumped every 10°,
The incidence angle ei stayed relatively constant

during & circle, and a correction is made to
account for any small Gi variations, Throughout

the circles, the polarization was continuously
switched between horizontal and vertical.

A harmonic analysis is done on the 36 measure-—
ments in each circle. The amplitude of the first
four sine and cosine harmonics, X to 4X, along
with the bias term are found. The results indi-
cate that the only statistically significant
terms are the bias, cos X, and cos 2X. That is
to say, the aircraft circle data are well repre—
sented by (10). According to (12) and (13) one
has

A /A, = a, + a; log W (46)
A,/A, = a, + o, log ¥ (47)

where in this case Ay, A, and A, come from the
harmonic analysis of the aircraft circle data,
For each polarization, the circle data are placed
into one of four incidence angle groupings. The
ranges of Oi for the four groups are 19° - 20°,

28° - 31°, 39° - 40°, and 48° - 65°, The number
of circles for each group is 10, 7, 10, and 13,
respectively, and each circle is for a different
wind speed. The wind speeds range from 4 to 25
m/s. Least-squares fits of A,/A, and A,/A, ver—
sus log W provide values for a,, a,, 2,, and a,
for each ei group and polarization., Fortunately,

any multiplicative biases that may be present in
the aircraft measurements cancel when calculating
the ratios A /A, and A,/A,. The values of a,,
a,, a,, and a, determined from the aircraft data
are presented in Section 9.

In section 4, the derivation of the model
parameters from SASS data requires that a, and a,
be specified for each of the 4° incidence angle
bins, The aircraft results suggest that the
following linear relationship exists between a,,
a,, and ﬁi

a

1 = b8, - 20) 20°2 6.2 56° (48)

a, ﬁ(ei - 20) 200 ei> 56° (49)
The value of b is 0.0289 and 0.0086 for h—pol and
v-pol, respectively. The value of B is -0.0162
and -0.0040 for h-pol and v-pol, respectively.
Thus h—-pol has a much larger first harmonic than
v-pol. For 6.<20°, a, and a, are assumed to be
zero. This assumption is based on the fact that

a, and a, must be zero at Oi=0 and that they are
near zero for the 20° aircraft data, The parame-

ters a, and a, need only be specified to 52°
because the binned SASS data only extend to 52°.
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6. Nadir Model Function

The derivation of the model function for inci-
dence angles near nadir (0° to 8°) is nearly the
same as that described in section 4, with one
major exception. The NRCS measurements near 0°
that fall in level 5 (i.e., s/(s) w) 4.5 dB)

display a very large variation. Levél 5 contains
the largest NRCS values, and for nadir backscat-
tering this corresponds to specular reflections
from a calm sea surface. These specular returns
show up as spikes that are 10 to 20 dB higher
than the NRCS for moderate winds. These spikes
distort the statistical quantities (s>

<s’>l'w, and <d?>
nated all level § measurements from our deriva-
tion of the nadir model function.

The near-nadir observations show little, if
any, dependence on wind direction. For example,
@
Xlw »
wind direction dependence, is about 0.07 for the
near-nadir observations as compared with 0.30 to
0.50 for the off-nadir observations. As discus—
sed in section 8, this small 0.07 variation is
probably due to wind gradients in the 50 km
cells, rather than wind direction effects. Thus
we assume A, and A, are zero for near nadir (they
must be zero at nadir), and the only parameters
we need to find are a, and a,.

The exclusion of the low wind speed measure-—
ments alters the lower limit of the integrals in
equation (31) that is used to determine a,. For
the nadir analysis, (31) becomes

,
In view of this, we elimi-

/(s)x W which is a good indication of

fdw P(W)A2
wl

(s? (s) (50)

l L W T

@

[ fav pana, ]
W,

The lower wind speed limit W, is determined from
the fraction of observations that occur in level
5. For example, the v—-pol, nadir bin (0°$9i$2°)
contains 248943 observations. Of this total,
5377 observations fall in level 5. Thus level 5
contains 2.16% of the observations. In terms of
the wind speed probability P(W) this fraction F
of level 5 observations is given by

wl
jaw P(W) (51)

where in this case F = 0.0216. We generate a
table of F versus W, from which W, can be looked
up given F. For h-pol, the values of W, are 1.4,
0.8, and 0 m/s for the 0°, 4°, and 8° incidence
angle bins, respectively. For v-pol, the LA
values are 1.2, 0.9, and 0 m/s. At 8°, no obser-
vations fall in level 5 and hence W, = 0.

Once W, is known, the integrals in (50) are
numerically evaluated as a function of a,. Geo-
metric optics predicts at 0° the NRCS decreases
monotonically as W increases, and hence a, is
negative. At 4° (8°) geometric optics predicts
that the NRCS increases as the wind speed goes
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from 0 to about 1 m/s (5 m/s), at which point it
reaches a maximum, and then begins to decrease at
higher wind speeds. Since most of the SASS ob-
servations are for winds above 1 m/s (5 m/s), we
assume o, is also negative at 4° (8°). However,
this dependence of the 4° and 8° NRCS on wind
speed is clearly not in agreement with the power
law relationship given by (11), and our results
must be viewed with caution at these angles. For
negative a,, the ratio of integrals in (50) momno-
tonically increases from unity as a, decreases
from zero. Accordingly, the value a, is incre-
mented by —0.01 from zero until the equality
specified by (50) is satisfied. Having found a,
we compute a, from

8, = <)y y / jdw P(¥) W% (52)

LPY

which is a modified version of (33) to account
for the exclusion of level 5 data.

7. Incidence Angle Correction

A small correction is made to account for the
nonlinear relationship between (y)e LW and 6. i’
where y denotes s, s?, or d%. The plots of
1n <y>e LW versus 61 are much more linear than
plots of <y>
these plots 1nd1cate that thhxn a 4° bin, the
incidence angle variation of the X,W average is
well approximated by

versus 9 An analysis of

<y((-)i)>x W= <Y>1,W exple(6; - Gi)] (53)

where <Y>l W is the value of the X,W average at
the mean incidence angle 9 for the bin (61 =

CH )0 i, w) The parameter c is the slope of the
1n <y)0,X versus 6 plots.

are evenly d1str1buted within a bin, and one may
write

The measurements

RECW R
ez
fa0, <y y exploo; - 8)1/(0, - 0, (54)
2
where 6, and 6, are the lower and upper Qi limits
for the bin. The assumption of even distribution
requires

= (8, +6,)/2 (55)
Solving the integral using (55) gives

Y>6,X,W = <Y>1,W sinh z/z (56)

z =c(6, - 6,)/2 (57)
Thus the incidence angle correction comsists of
dividing the ensemble average (Y>9,X,W by

sinh z/z. The result is the ensemble average
(y)x W at the mean incidence angle 9.. In all
cases, this correction is small, with sinh z/z
being between 1 and 1.08.
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8. Errors Due to Wind Gradient, Incidence Angle,
and Aircraft Data

The footprints from the forward and aft anten—
nas do not exactly coincide. We only require
that both footprint centroids lie in the same
50 km square cell. A worst case would have the
centroids at opposite cormers separated by 71 km,
but on the average the separation is only 30 km.
Even when the centroids coincide, the footprint
areas, which are about 17 by 50 km rectangles,
will cover different portions of the ocean be-
cause the rectangles are orthogonal, Hence in
the presence of wind gradients, the average wind
vector over one footprint is different from that
over the other. The major impact of this wind
gradient effect is that it will add a bias to the
statistical quantity <dz>X,W' The other quanti-

ties (s> W <s‘)x,w, and <d> w are insensitive

to the gradient effect,
write

To be’specific. one may

2 =
<d >X.W VX + Vg (58)

where V, is the variance due to the 90° relative

wind direction difference between the forward and
aft footprints and V_is the variance due to the

is the desired
To esti-

wind gradient. The variance V

quantity, and V_is an unwanted bias,
mate the magnitude of V , we assume the wind

speed difference between the forward and aft
footprints has a zero mean and a standard devia-
tion of 0.5 m/s. A change in wind speed of

0.5 m/s over an average separation distance of 30
km is probably typical for many ocean scenes.
Simulations are then done to compute V , The
results show that for the off-nadir bins
(91224°), V_is much less than the observed
<d‘)l W with Vg/(d*)x W being about 3%. The
quantity <d’>x W is used to determine the para-
meters 2, and a,, which are approximately propor—
tional to the square root of <d’>l W Because of
this square root relationship, the error in a,
and a, due toV_is only 1.5%. At nadir there is
In this
case <d’>x W is a direct measure of Vg. The
observed normalized variation in terms of

no directional effect, and VX is zero.

<dz>§ §/ <4y is 0.07, which is the same value

given %y the }imulations assuming a wind gradient
of 0.5 m/s per 30 km, Thus the assumed gradient
is consistent with the nadir data.

Another possible error source is an incidence
angle adjustment between the forward and aft
footprints, Earth rotation and the misregistra-
tion within the 50 km cell cause the incidence
angles for the forward and aft footprints to be
different., This difference is on the average
between 3° and 4°. In the adjustment, the two
NRCS values are slightly modified so that they
will correspond to an incidence angle that is the
average of the forward and aft Gi. In doing

this, the NRCS having the larger 6i is increased,
and the NRCS having the smaller Oi is decreased.

The SASS I geophysical algorithm [Jones et al.,
1982] is used to compute the adjustment., The
algorithm computes a wind speed and wind direc—
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tion from the two NRCS values. The wind speed
and direction in conjunction with the SASS I GH
Table [Schroeder et al.,, 1982] are then used to
compute the slope of the NRCS versus incidence
angle., We estimate that the error in the calcu-
lated slope is probably about 20%, due to mea—
surement noise and modeling uncertainties. A 20%
error in slope translates into a 2% to 4% error

in <d3>%’w , and likewise in a, and a,. Fortu-
nately the statistical quantities <s>l’w and
(s’)x'w are insensitive to an error in the Oi
adjustment because when the two NRCS values are
summed, the errors in the calculated slope have
opposite signs and cancel. As with the wind
gradient error discussed above, the ei adjustment

error will always tend to bias (d‘)x W too high.

A small error in the computation of a,, a,,
a,, and a, will result from errors in the air-
craft-derived coefficient A,. To estimate this
error, we consider the case in which there is no
upwind/downwind asymmetry (i.e., A,=0). That is
to say, we assume the aircraft A, is in error by
100%, which is certainly a worst—-case situation.
For this case and h-pol, the computed a, is only
1% to 2% greater than that obtained using the
aircraft value for A;,. For v-pol the error is
less than 1%. Thus the sensitivity of a, to
errors in the aircraft data is negligible. The
parameter a, is computed from (33), which depends
on a, but not A;. As a result, a, is also insen-
sitive to errors in A,. The second harmonic
parameters a, and o, are more sensitive to varia-
tions in A,. The worst case is h—pol at 52°, for
which a,+a, increases by 16% and o, decreases by
0.12 when A, is set to zero. At the lower inci-
dence angles for h-pol, these changes are only 2%
and 0.02, respectively, For v-pol, the errors
are always small, being about 1% and 0.01, re—
spectively. Imn conclusion, the sensitivity of
a,, 0o, 8, and a, to errors in A, is very small,
except at large incidence angles for h—pol, where
the error in a, and a, may be significant,

0f the four parameters, a, probably has the
greatest uncertainty. Its derivation requires
stratifying the data into five wind speed levels
in order to determine the wind speed variation of
A,/A,. This additional stratification of the
data reduces the number of observations in the
averages (s2)> and <d3), particularly for the
levels 1 and 5.

9. Results

In this section we present plots of the NRCS
model parameters versus incidence angle., These
parameters are compared with those obtained from
JASIN [Schroeder et al,, 1982] and from the RAD-
SCAT aircraft circle flights. For the purpose of
discussion, we will use SASS I to denote the
JASIN results and SASS II to denote the results
obtained from the statistical analysis described
herein, The SASS I parameters are found by har-—
monically analyzing the GH table that gives the
NRCS for incidence angles every 2° and relative
azimuth angle X every 10°. For each incidence
angle, a harmonic analysis is done to find A,,
A,, and A, according to (10). These three coef—
ficients are calculated for five wind speeds
ranging from 3 to 20 m/s. Regressions of log A,,
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Fig. 2. A comparison of the h—-pol NRCS averaged
over wind direction at 10 m/s for SASS I (open
circles) and SASS II (solid circles).

A,/A,, and A, /A, versus log W are then performed
to determine a,, a,, a&,, G5, qa,, and a,. We only
present SASS I results out to 60°, At higher
incidence angles where there are no paired SASS
measurements, SASS I is an arbitrary extrapola-—
tion having no physical or experimental basis.

Figures 2 and 3 show 10 log A,, evaluated at
10 m/s, plotted versus incidence angle for hori-
zontal and vertical polarizations, respectively.
In terms of the model parameters this quantity
equals

10 log A, = 10(a, + log a,) W =10 m/s (59)
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Fig. 4. A comparison of the h-pol NRCS first
harmonic at 10 m/s for SASS I (open circles) and
aircraft (crosses).

and represents the NRCS in decibels averaged over
wind direction for a wind speed of 10 m/s. In
these and subsequent figures, the solid circles
are the SASS II values, and the smaller open
circles are the SASS I values. Each solid circle
represents a 4° incidence angle bin, The curve
drawn through the solid circles is a hand-drawn
best fit to the data, For the case of A, the
incidence angle bins extend out to 68°, as dis-
cussed at the end of section 4. For all other
parameters the incidence angle bins extend only
to 52° because the 50 km cells at higher inci-
dence angles do not contain NRCS measurements
from both the forward and aft antenna. The
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Fig. 3.

A comparison of the v—pol NRCS averaged
over wind direction at 10 m/s for SASS I (open

circles) and SASS II (solid circles).
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A comparison of the v—pol NRCS first
harmonic at 10 m/s for SASS I (open circles) and
aircraft (crosses).
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Fig. 6. A comparison of the h-pol NRCS second
harmonic at 10 m/s for SASS I (open circles),
SASS II (solid circles), and aircraft (crosses).

SASS I and SASS II values for 10 log A, both show
the familiar drop off of NRCS with incidence
angle. At nadir the SASS II values are about

1 dB lower than SASS I, whereas at the larger
incidence angles the SASS II values are higher.
The largest discrepancy occurs near 50°, where
SASS II is about 2 dB higher.

The next quantity we consider is the ratio
A,/A,, evaluated at 10 m/s. Figures 4 and 5 show
this ratio for horizontal and vertical polariza-—
tion, respectively. In terms of the NRCS model
parameters the ratio is

A/A, = a; + ay W =10 m/s (60)
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Fig. 7. A comparison of the v—pol NRCS second
harmonic at 10 m/s for SASS I (open circles),
SASS II (solid circles), and aircraft (crosses).
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Fig. 8. A comparison of the wind speed semsitiv—
ity of the h—pol NRCS averaged over wind direc-
tion for SASS I (open circles) and SASS II (solid
circles).

and represents the normalized amplitude of the
NRCS first harmonic. As discussed above, we
could not obtain this value from the SASS data.
Rather, we use the RADSCAT aircraft circle
flights, The crosses in Figures 4 and 5 show the
aircraft derived values, and the solid line is
the fit to these data given by (48) and (49).

The agreement between SASS I and aircraft is
reasonably good, both showing an increase in
A;/A, with incidence angle and considerably lar—
ger values for h-pol than for v-pol. The 'bumpy’
appearance of the SASS I curves in these and
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Fig., 9. A comparison of the wind speed sensitiv—

ity of the v—pol NRCS averaged over wind direc-
tion for SASS I (open circles) and SASS II (solid

circles).
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Fig. 10. A comparison of the wind speed sensi—
tivity of the h-pol NRCS first harmonic for SASS
I (open circles) and aircraft (crosses).

subsequent figures is due to the numerous small
empirical corrections made to the GH table. As
such, these bumps are an artifact of too many
degrees of freedom in the model tuning, rather
than anything real,

In Figures 6 and 7, the normalized second
harmonic A,/A, at 10 m/s is shown for horizontal
and vertical polarizations. This ratio is given

by
A,/A, = a, + a, ¥ =10 m/s (61)

In these two figures the SASS I values and SASS
II velues appear along with the aircraft values

v-POL

'
¢
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0 10 20 30 w0 S0 60 70
INCEDENCE ANGLE O (DLGREES)

Fig. 11. A comparison of the wind speed sensi-
tivity of the v—pol NRCS first harmonic for SASS
I (open circles) and aircraft (crosses).
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Fig., 12, A comparison of the wind speed sensi-
tivity of the h—pol NRCS second harmonic for SASS
I (open circles), SASS II (solid circles), and
aircraft (crosses),

denoted by crosses, All three values show the
same basic trend of A,/A, increasing with 8,
with the trend being slightly greater for v-pol.
For h—-pol there is good agreement between the
SASS I and SASS II values, with the aircraft
values being somewhat smaller except at 56°. For
v—-pol the SASS II values lie between the higher
SASS I values and the lower aircraft values.
Also, the SASS I curve shows a decrease with
incidence angle above 40°, whereas the SASS II
and aircraft data points seem to flattem out. In

0.4 T T T T T T T T

a 106 20 30 40 50 € 0
INCIDENCE ANGLE 0; {DEGREES)

Fig. 13. A comparison of the wind speed sensi-
tivity of the v—pol NRCS second harmonic for SASS
I (open circles), SASS II (solid circles), and
aircraft (crosses).
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TABLE 1. NRCS Model Parameters for Horizomtal Polarization

6, 10(ao+log a,) asta, a,+ta;s ae ay a,
0 10.5 0.00 0.00 -0.58 0.00 0.00
2 10.4 0.00 0.00 -0.50 0.00 0.00
4 10.0 0.00 0.01 -0.41 0.00 0.01
6 9.2 0.00 0.03 -0.30 0.00 0.02
8 7.9 0.00 0.05 -0.18 0.00 0.03
10 6.3 0.00 0.08 -0.04 0.00 0.05
12 4.6 0.00 0.11 0.12 0.00 0.07
14 2.9 0.00 0.15 0.29 0.00 0.09
16 1.2 0.00 0.19 0.46 0.00 0.11
18 -0.5 0.00 0.23 0.64 0.00 0.12
20 -2.2 0.01 0.26 0.82 -0.01 0.13
22 -3.9 0.03 0.29 1.00 -0.03 0.14
24 -5.6 0.05 0.32 1.17 -0.06 0.14
26 -7.3 0.08 0.35 1.34 -0.10 0.14
28 -9.0 0.10 0.37 1.50 -0.13 0.14
30 -10.7 0.13 0.39 1.64 ~0.16 0.13
32 -12.4 0.15 0.41 1.77 -0.19 0.12
34 -14.0 0.18 0.42 1.89 -0.23 0.11
36 -15.4 0.20 0.43 2,00 -0.26 0.09
38 -16.7 0.23 0.44 2.08 -0.29 0.07
40 -17.9 0.25 0.45 2.13 -0.32 0.04
42 -19.1 0.28 0.46 2.16 -0.36 0.00
44 -20.1 0.30 0.46 2.19 -0.39 -0.06
46 -21.0 0.33 0.46 2.21 -0.42 -0.13
48 -21.9 0.36 0.46 2.23 -0.45 -0.21
50 -22.8 0.38 0.46 2.24 -0.49 -0.29
52 -23.7 0.41 0.46 2.25 -0.52 -0.37
54 -24.6 0.43 0.46 2.26 -0.55 -0.45
56 -25.4 0.46 0.46 2.26 -0.58 -0.53
58 -26.3 0.48 0.46 2.26 -0.62 -0.61
60 -27.2 0.51 0.46 2.26 -0.65 -0.69
62 -28.1 - - - - —
64 -29.0 - - - - —
66 -29.8 - - - - —
68 -30.7 - -— - - -
70 -31.6 - - - - -

drawing the best fit curve to the SASS II data
points, we assume that A;/A, is zero at 0° and
increases smoothly from 0° to the first actual
data point at 24°, As discussed in section 6,
the nadir data supports the assumption that A,/A,
is zero near 0°, but since there are no data in
the region from 8° to 24°, this portion of the
curve may be in error,

In the remaining figures, we show the wind
speed sensitivity coefficients a,, a,, and a,.
Figures 8 and 9 show a, plotted versus incidence
angle for horizontal and vertical polarization.
Both the SASS I and SASS II values show a nega-
tive sensitivity at the near—nadir incidence
angles (NRCS decreases with wind speed) and a
positive sensitivity at the larger incidence
angles, At 0° the SASS I and SASS II values are
nearly equal, but at 4° a discrepancy exists., It
should be noted that when deriving the SASS I GH
table little attention was paid to the 4°¢ data.
For h-pol there is fair agreement with the two
curves interweaving, For v-pol the SASS II val-
ues for incidence angles of 24° and greater are
substantially less than the SASS I values. Also,
the SASS II a,’s reach a maximum near 40° and
then decrease, whereas SASS I is flat.

The a, values are shown in Figures 10 and 11.

As with the coefficient A,/A,, there are no SASS
II values, The four crosses are the aircraft
values, and the solid line is the best fit to the
aircraft data given by (49). For h-pol, the
agreement between the aircraft and SASS I is
fairly good, except at the highest incidence
angle of 56°, at which the aircraft a, is much
larger in a negative sense than the SASS I value,
For v-pol the agreement is poor. The SASS I a,’'s
decrease sharply with incidence angle, whereas
the aircraft a,’s depart only slightly from zero.
In fact, the SASS I v-pol values are larger in a
negative sense than the SASS I h-pol values,
which clearly contradicts the aircraft results.

Finally, Figures 12 and 13 show the wind sen-
sitivity a, of the second harmonic plotted versus
incidence angle for the two polarizations. These
figures contain values for SASS I, SASS II, and
aircraft, In drawing the curve through the SASS
II data points, we require that a, is zero at 0°
and construct a smooth interpolation to connect
0° with the 24° value. The SASS II and aircraft
values are in good agreement except that the
aircraft a,’s are somewhat larger between 20° and
30°, The SASS I curves fall considerably below
both the aircraft and SASS II results, except at
the higher incidence angles,
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TABLE 2. NRCS Model Parameters for Vertical Polarization

ei 10((19+10g ao) ag+tay aztaz Qo ax aQz
0 10.5 0.00 0.00 -0.58 0.00 0.00
2 10.4 0.00 0.00 -0.50 0.00 0.00
4 10.0 0.00 0.01 -0.41 0.00 0.01
6 9.2 0.00 0.03 ~0.30 0.00 0.02
8 7.9 0.00 0.05 -0.18 0.00 0.03
10 6.3 0.00 0.08 -0.04 0.00 0.05
12 4.6 0.00 0.11 0.12 0.00 0.07
14 2.9 0.00 0.15 0.29 0.00 0.09
16 1.2 0.00 0.19 0.46 0.00 0.11
18 -0.4 0.00 0.23 0.64 0.00 0.12
20 -2.0 0.00 0.27 0.82 0.00 0.13
22 -3.6 0.01 0.30 0.99 -0.01 0.14
24 -5.2 0.02 0.33 1.16 -0.02 0.14
26 -6.7 0.03 0.36 1.31 ~0.02 0.14
28 ~-8.2 0.04 0.39 1.44 -0.03 0.13
30 -9.6 0.05 0.42 1.55 -0.04 0.11
32 -10.9 0.06 0.44 1.64 -0.05 0.07
34 -12.0 0.06 0.46 1.70 -0.06 0.03
36 -13.0 0.07 0.48 1.74 -0.06 -0.01
38 -13.9 0.08 0.50 1.76 -0.07 -0.05
40 -14.7 0.09 0.51 1.77 -0.08 -0.08
42 -15.4 0.10 0.52 1.77 -0.09 -0.12
44 -16.0 0.11 0.53 1.76 -0.10 -0.16
46 -16.6 0.12 0.54 1.74 ~0.10 -0.,20
48 -17.1 0.13 0.54 1.71 -0.11 -0.24
50 -17.6 0.14 0.54 1.68 -0.12 -0,28
52 -18.2 0.15 0.54 1.65 -0.13 -0.32
54 -18.7 0.16 0.54 1.61 -0.14 -0.36
56 -19.2 0.17 0,54 1.58 -0,.14 -0.40
58 -19.8 0.17 0.54 1.54 -0.15 -0.44
60 -20.3 0.18 0.54 1.51 -0.16 -0.48
62 -20.8 - - - - -
64 -21.4 - - - - -
66 -21.9 - - - - -
68 -22.4 - - - - -
70 -23.0 - - - - -
Summarizing the comparisons, the significant 2. The SASS II value for the v-pol a, is less
differences between SASS I and SASS II are the than the SASS I value.
following: 3. Large differences occur in a,.
1. A1l to2 dBoffset exists in the 10 m/s For the second-order harmonic parameters, a,
NRCS values, and a,, a three—way intercomparison can be made

TABLE 3. Wind Speed Differences (m/s) between the SASS I and SASS II
Models for Horizontal Polarization

¥Wind Speed, m/s

6.

i
2 3 5 10 15 20 30 2-30
0 0.8 1.2 2.0 4.0 6.0 8.1 12.3 4.9
4 2.3 2.8 3.5 4.4 4.5 4.3 3.0 3.5
20 0.7 0.8 0.7 0.1t -1.0 -2.3 -5.3 -0.9
24 0.8 1.0 1.2 1.2 0.8 0.3 -1.3 0.6
28 0.4 0.6 0.9 1.5 1.9 2.3 2.9 1.5
32 0.2 0.3 0.6 1.2 2.0 2.6 4.0 1.6
36 0.1 0.2 0.5 1.3 2.1 3.0 4.9 1.7
40 0.2 0.4 0.7 1.5 2.4 3.2 4.9 1.9
44 0.4 0.6 0.9 1.8 2.5 3.1 4.2 1.9
48 0.6 0.8 1.2 2.1 2.7 3.3 4.1 2.1
52 0.6 0.8 1.3 2.0 2.5 2.9 3.2 1.9
56 0.4 0.7 1.0 1.6 2.0 2.1 2.0 1.4
60 0.2 0.3 0.5 0.6 0.5 0.2 -0.8 0.2
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TABLE 4.

Model Function for Radar Cross Section

¥Wind Speed Differences (m/s) between the SASS I and SASS II

Models for Vertical Polarization

Wind Speed, m/s

i
2 3 5 10 15 20 30 2-30
0 0.8 1.2 2.0 4.0 6.0 8.1 12.3 4.9
4 2.2 2.7 3.5 4.3 4.5 4.3 3.0 3.5
20 0.6 0.7 0.6 -0.1 -1.3 -2.7 -6.0 -1.2
24 0.9 1.0 1.1 0.8 0.1 -0.8 -3.2 0.0
28 0.7 0.8 1.0 1.0 0.7 0.3 -1.1 0.5
32 0.6 0.7 0.9 1.0 0.8 0.5 -0.6 0.5
36 0.7 0.8 1.0 1.2 1.0 0.7 -0.4 0.7
40 0.8 1.0 1.2 1.4 1.2 0.7 -0.7 0.8
44 1.0 1.2 1.5 1.6 1.4 0.8 -0.9 0.9
48 1.2 1.4 1.7 1.7 1.3 0.5 -1.7 0.9
52 1.2 1.5 1.7 1.5 0.7 -0.3 -3.1 0.5
56 1.3 1.5 1.6 1.0 -0.1 -1.5 -5.1 -0.2
60 1.1 1.2 1.1 0.0 -1.6 -3.5 -8.1 -1.4

between SASS I, SASS II, and aircraft., For these affect the retrieval of wind speed and wind di-

cases, SASS II is in better agreement with the
aircraft than SASS I, This is somewhat surpris—
ing because in the original derivation of the
NRCS model function, the aircraft data were used
to define the directional dependence. However,
it appears that subsequent empirical tunings for
GOASEX and JASIN substantially distorted this di-
rectional dependence. These tunings focused on
reducing the wind speed error, rather than the
wind direction error,

Tables 1 and 2 list the SASS II model parame-
ters versus incidence angle for horizontal and
vertical polarization, respectively. Table en~
tries appear for incidence angles every 2°. The
six columns in the table correspond to the fol-
lowing quantities: 10(a,*log a,), a,+a,, &,+a,,
a,, a,, a,. These table values are taken from
the solid curve that passes through the SASS II
data points in Figures 2 through 13, For the
first harmonic parameters, a, and ay, the table
values come from (48) and (49). The tables ex—
tend only to 60°, except for the first quantity,
10(a,+log a,), which has values up to 70°.

For those investigators who use scatterometer
wind data, the obvious question is how do the
differences in the SASS I and SASS II models

TABLE 5.

rection, In order to answer this question, we
did a simulation in which the SASS II model is
used to generate the NRCS measurement, and the
SASS I model is then used to retrieve the wind
speed and direction. For example, given a polar-—
ization, incidence angle, wind speed, and wind
direction, the SASS II model function generates
two NRCS measurements corresponding to the for-
ward and aft antennas, These two simulated mea-
surements are then processed by the standard SASS
retrieval algorithm which uses the SASS I GH
table. The retrieved wind speed and wind direc—
tions are then compared with the true values. In
this way we can see how the differences in the
NRCS models map into wind speed and wind direc—
tion differences. Tables 3 and 4 show the dif-
ferences in wind speed (retrieved minus true) for
horizontal and vertical polarizatioms. The re-
sults are shown for a number of different inci-
dence angles and wind speeds. The table entries
are the mean wind speed difference averaged over
36 wind directions ranging from 0° to 350° in 10°
steps. The far right column is the mean wind
speed difference averaged over all wind direc-—
tions and all wind speeds for a given incidence
angle. The most obvious feature in the two

Wind Direction Differences (degrees) between the SASS I and

SASS 11 Models for Horizontal Polarization

Wind Speed, m/s

8.

i
2 3 5 10 15 20 30 2-30
20 13 11 9 7 6 5 5 9
24 15 13 10 7 6 6 9 10
28 15 13 10 5 7 9 12 10
32 15 13 9 4 8 10 12 11
36 14 12 9 4 8 10 13 11
40 13 11 8 5 9 10 13 10
44 10 8 6 6 9 9 12 9
48 10 9 8 7 8 9 10 9
52 12 12 11 9 8 8 8 10
56 15 13 12 11 10 9 8 11
60 15 13 11 9 7 6 6 10
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TABLE 6. Wind Direction Differences (degrees) between the SASS I and
SASS II Models for Vertical Polarization
Wind Speed, m/s

9

2 3 5 10 15 20 30 2-30
20 15 13 11 8 5 4 5 10
24 17 15 13 9 6 5 5 11
28 16 15 12 8 5 5 8 11
32 15 13 11 7 3 5 9 10
36 13 12 9 5 3 5 9 9
40 11 10 8 3 4 7 10 8
44 9 8 7 2 5 8 11 8
48 9 8 6 3 5 8 12 8
52 8 7 5 4 5 8 11 7
56 7 7 5 4 6 7 11 7
60 7 7 6 3 3 5 9 6

tables is that the wind speed difference is in
general a positive value between 1 and 2 m/s,

The largest differences occur at nadir where the
mean wind speed difference is 4.9 m/s. For inci-
dence angles between 24° and 52°, which corres-—
pond to the primary swath for SASS, the average
wind speed difference for moderate winds (5 to 15
m/s) is 1.5 m/s for h-pol and 1.1 m/s for v-pol.

Assuming the SASS II model is correct, these
results indicate that the wind speeds computed by
the SASS I algorithm are biased high by 1 to
2 m/s. Several other pieces of information sup-
port this assertion. First, Weller et al. [1983]
indicate that the calibration snemometer for
JASIN winds is biased about 10% too high, This
bias would be absorbed in the SASS I model tun-~
ing, and, as a result, the SASS I algorithm would
compute winds that are 10% too high, Further-
more, & 1 m/s bias exists between the SASS I
winds and the winds obtained from GOASEX [Jones
et al.,, 1982]. Liu [1984] also reports that the
SASS I winds are 1 m/s high relative to wind
speeds from ship reports, Finally, when compared
with Seasat altimeter winds, the SASS I winds at
nadir are 3 m/s higher [Wentz et al., 1982]. For
the altimeter and SASS comparisons the average
wind speed is 8 m/s. At 0° and 8 m/s, Table 3
gives the same 3 m/s bias,

Another interesting feature in Tables 3 and 4
is that over most of the primary swath the h-pol
wind speed difference at high winds (20 to
30 m/s) is about 3 to 5 m/s, whereas the v-pol
difference is near zero. This says that at high
winds, the wind speed retrieved by SASS I using
h-pol measurements will be biased high relative
to the wind speed retrieved using the v-pol mea-—
surements, This is exactly what is observed when
SASS modes 3 and 4 are analyzed. In these modes,
SASS simultaneously takes horizontal and vertical
polarizations measurements., Black et al. [1983]
report that for winds between 20 and 30 m/s, the
SASS I h—pol winds are typically 5 m/s higher
than the v-pol winds.

Tables 5 and 6 show the difference in wind
direction for horizontal and vertical polariza-
tion. In this case, the table entries correspond
to the rms difference averaged over 36 wind di-
rections rather than the mean difference. Be—
cause of the harmonic nature of the wind direc—
tion dependence, the mean difference caused by

the variations in model functions is zero. The
smallest rms errors occur for the midrange of
incidence angles and wind speeds. In computing
the differences we use the alias that is closest
in direction to the true wind direction. For the
case of four orthogonal aliases, this method of
alias selection ensures that the rms error does
not exceed 26°, which is the value obtained by
assuming a purely random relationship between
aliases and the true wind vector., Thus, large
differences in the wind direction due to the
variation in the NRCS models will be masked by
the alias selection procedure.

10. Conclusion

The NRCS model that we derived represents a
first—order fit to the 3 months of SASS data. As
such, it can be the starting point for more
detailed investigations. For example, the model
can be compared with observations of very strong
winds (20-30 m/s) to determine if there is a
departure from the assumed power law relation—
ship. Also, regional variations due to sea-
surface temperature, fetch, or other geographi-
cally dependent phenomena can be explored by
using the model as a baseline. And possibly most
important, the model can be extended to include
the modification of the 2 cm capillary waves by
longer waves.

Finally, we recommend that the model derived
herein be used rather than the SASS I model, For
the most part, the models are in agreement, How-—
ever, when there is disagreement, the problem
seems to lie with SASS I. To be specific, SASS I
has the following drawbacks:

1. For high winds, the winds derived from h-
pol do not agree with those derived from v-pol,
with the h-pol winds being about 5 m/s higher,

2. In some cases, the wind direction depen-—
dence does not agree well with that determined
from aircraft,

3. The wind speeds seem to be biased about
1 m/s high,

4. The dependence of some of the parameters
on incidence angle is erratic.

The fact that these problems do not occur in
the statistically derived NRCS model is very
encouraging.
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