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A model function for the ocean-normalized radar cross section
at 14 GHz derived from NSCAT observations
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Abstract. A model for the ocean surface normalized radar cross section G, is derived from 3
months of NASA scatterometer (NSCAT) observations (September 15 to December 18, 1996).
The model expresses G, as a function of wind speed, relative wind direction, incidence angle, and
polarization. The dependence of 6, on wind speed is based on collocated special sensor
microwave/imager (SSM/I) satellite wind retrievals and European Centre for Medium-Range
Weather Forecasts (ECMWF) model winds. We find that at low winds (< 5 ms™), the SSM/I
winds are more reliable than ECWMEF, probably owing to small location errors in the ECMWF
wind features. The primary wind direction dependence of o, (i.e., the second harmonic) is found
from histograms of the o, difference between the forward and aft antennas. The o, versus wind
speed relationship is adjusted for cross-swath incidence angle differences and is then incorporated
into the NSCAT 1 model used to process the 10-month (September 15, 1996, to June 29, 1997)
NSCAT data set. The resulting NSCAT 1 wind vectors are compared to ECMWF wind fields and
buoys. The mean and standard deviation of the NSCAT minus ECMWF (buoy) wind speed
difference are 0.05 and 1.78 ms™ (—0.29 and 1.26 ms™), respectively. The wind direction mean
and standard deviation differences are 0.8° and 18.5° (7.9° and 15.7°), respectively. The
difference between the NSCAT and the ECMWF (buoy) direction exceeds 90° only 1.1% (1.2%)
of the time. We have no explanation for why the buoy wind directions are biased 8° relative to

both NSCAT and ECMWEF.

1. Introduction

The NASA scatterometer (NSCAT) was launched in August
1996 aboard the Japanese ADEOS 1 spacecraft. The primary
mission for NSCAT was to accurately measure the global wind
field (both wind speed and direction) over the world’s oceans at a
spatial resolution of 50 km. This mission was prematurely ended
on June 29, 1997, when the ADEOS 1 spacecraft suffered a
catastrophic failure of the solar panel. However, NSCAT leaves a
legacy of 10 months of extremely high quality radar observations
of the Earth that will be of great benefit to the Earth science
community for many years to come.

In this paper we focus on the geophysical model that describes
the normalized radar cross section, often referred to as NRCS or
O,, that is measured by NSCAT. It is well known that o, is a
function of polarization P, incidence angle 6, wind speed W, and
relative wind direction ¢ defined as the difference of the wind
direction azimuth minus the NSCAT look azimuth. We denote
this model function by Fp(6,W,$), and it plays a crucial role in the
wind vector retrieval algorithm. Error in specifying Fp(0,W,0)
will result in wind vector retrieval errors. The prelaunch
specification for Fp(0,W,0) was the SASS 2 model that had been
derived from Seasat-A  satellite scatterometer (SASS)
measurements [Wentz et al., 1984]. It was fully expected that a
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more accurate model tailored to NSCAT could be derived once
NSCAT observations became available. Thus shortly after
launch, a team of scientists and engineers began work on
developing the NSCAT 1 model function. The model function
derivation required several months of observations, and the first
versions of NSCAT 1 were completed and ready for testing in
January 1997.  Subsequent testing lead to some minor
modifications, and the final version of NSCAT 1 was completed
in April 1997. The entire 10-month NSCAT data set was then
reprocessed using NSCAT 1 rather than SASS 2, and the
resulting data sets were distributed to the user community.

The derivation of NSCAT 1 was done via two parallel
activities conducted by M. Freilich and F. Wentz, respectively.
In some ways the two approaches were similar, but in other
respects there were significant differences. Comparisons between
the different approaches led to a better understanding of the
problem and ultimately a better final result. As the two
approaches proceeded and benefited from the exchange of
information, they converged into the final NSCAT 1 model. The
wind speed dependence of Fp(0,W,¢) is primarily governed by the
Agp coefficient, whereas the wind direction dependence is
governed by the A,p and A,p coefficients (see sections 4 and 5).
In the final merger of the two approaches it was decided to use
the Agp coefficients coming from the Wentz derivation as
described herein and to use the wind direction dependence
coming from the Freilich method.

This paper describes the model derivation done by F. Wentz.
The derivation of all three coefficients (Agp, Ap, and A,p) is
discussed. The A;p and A,p coefficients derived herein are very
similar to those in the Freilich model. We conclude the paper by
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comparing the NSCAT 1 wind vectors to modeled surface winds
from the European centre for medium-range weather forecasts
(ECWMF) and buoy observations..-

2. Data Set_s

The primary data sets used for this analysis are the NSCAT
level. 1.7 6, product (L17) for September 15 to December 18,
1996, and the NSCAT level 2.5 wind vector product (L25) for
September 15, 1996, to June 29, 1997. The 3-month o, product
is used for the NSCAT 1 model derivation, and the 10-month
wind vector product is used to validate the performance of the
NSCAT 1 model. In the L17 data set the G, values are binned
into 50-km cells. These cells are called “wind vector cells”
(WVCs). There are 12 WVCs for the right swath and another 12
for the left swath. Typically, each WVC contains four o,
observations from each of the four NSCAT antennas (fore v-pol,
mid v-pol, mid h-pol, and aft v-pol, where v-pol is vertically
polarized and h-pol is horizontally polarized). However, the o,
grouping is not uniform, and sometimes there are less than four
observations per antenna. The data items include time, latitude,
longitude, incidence angle, azimuth angle, ©,, and quality flags.
In the L2.5 wind vector data set the WVCs are at a 25-km, rather
than 50-km resolution, and hence there are 24 WVCs on each
side of the spacecraft. The L17 and L25 data sets are fully
described in the Jet Propulsion Laboratory user’s manuals [Jet
Propulsion Laboratory (JPL), 1997; Dunbar, 1997].

Before the 0, measurements can be used for model function
derivation and wind vector retrievals, a correction must be made
to remove relative biases in the specification of the antenna
patterns and look geometry. This correction, which is called
beam balancing, is described in the appendix.

Two supporting data sets are also used. The first is the
ECMWEF surface wind field, which is an analysis of the global
winds 10 m above the ocean surface. Note that all wind speeds in
this paper are referenced to a height of 10 m in a neutrally stable
atmosphere. The spatial resolution for the wind fields is 1° in
latitude and 1° in longitude. The temporal resolution is every 6
hours at 0000, 0600, 1200, and 1800 UT. For every NSCAT o,
observation we find an ECMWF wind speed and direction at the
exact location of the 6, observation. This is done by performing
a trilinear interpolation in time and space. This ECMWF wind
speed and direction is then appended to the L17 data set for use
in model derivation.

The second supporting data set is the special sensor
microwave/imager (SSM/I) wind speed. The SSM/I flying on the
Defense Meteorological Satellite Program’s F10 spacecraft has an
ascending node time near 2220 UT, which is very close to
NSCAT’s ascending node time of 2240 UT. Thus good
collocation between the two satellites can be obtained. The F10
SSM/T wind speed database is on a 0.25° latitude by 0.25°
longitude grid. For every NSCAT o, observation we find the
SSMI/I grid cell corresponding to the G, location and then search
the SSM/I database to find the wind observation closest in time to
the NSCAT observation. If the time for the SSM/I wind speed
observation is within 2 hours of the NSCAT observation, then it
is appended to the L17 data set. Otherwise, a flag is set to
indicate that no SSM/I wind is available for the ¢, observation.
The average time difference between the NSCAT and SSM/I
observations is about 30 min. The SSM/I retrieval of wind speed
is described by Wentz [1997].
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3. Incidence Angle Normalization

The usual model for the sea surface normalized radar cross
section is [Jones et al., 1977; Wentz et al., 1984]

Oop = Fp(O,W,9) = Agp(1+ Ajpcosg+ Appcos2g) (1)

where subscript P denotes polarization (V or H) and ¢ is the
relative wind direction, where ¢ = 0 corresponds to an upwind
observation for which the wind is blowing toward NSCAT. The
App coefficients depend only on incidence angle 8, wind speed W,
and polarization. The model derivation is then reduced to
determining the 8 and W dependence of the Ayp coefficients.
Results show that the size of the higher-order harmonics to the
directional dependence (i.e., 39, 4¢, and 5¢) does not exceed 0.04
(0.17 dB), and we truncate the series at 2¢. These higher-order
terms should probably be included in a more detailed analysis.

In handling the incidence angle dependence, we find it
convenient to work in terms of the WVC number I = 1 to 12.
Cell 1 (12) corresponds to the inner (outer) part of the swath that
has the smallest (largest) incidence angle. For a given wind
vector cell the incidence angle varies as the satellite orbits the
Earth. Table 1 gives the mean incidence angles (i.e., averaged
over the orbit) for the 12 wind vector cells. The fore and aft
antennas have similar mean values, and the values in Table 1
represent the average of the fore and aft values. However, the
mean incidence angle for middle antennas is considerably smaller
owing to the observation geometry. The wind vector cells then
play the role of incidence angle bins. Accordingly, we sometimes
refer to the WVCs as “0 bins.”

Within an orbit, 6 can vary as much as +3.7° about its mean
value for a particular WVC. To remove this 0 variation, the ©,
observations are normalized so that they will correspond to the
mean incidence angle for the WVC. The following normalization
makes use of the fact that the relationship between log(c,) and 6
is nearly linear over a £3.7° range.

Fp(0;,W.9)

O,pr = 2
oPI =O0op Fp(e,W,¢) ( )

where 0 is the incidence angle for the observations and 6; is the
mean incidence angle for cell I as given in Table 1. Hereafter, we
drop the subscript / on o, and it is understood that all o,

Table 1. Mean Incidence Angles of Wind Vector Cells

Incidence Angle, deg

Nvt:’n\lllir Fore and Aft Middle

Antennas Antennas
1 22.7 18.1
2 21.5 222
3 32.0 26.0
4 36.2 294
5 39.8 32.8
6 433 36.0
7 46.3 38.9
8 49.3 41.8
9 52.1 445
10 54.7 47.0
11 57.1 49.3
12 59.3 51.5

WVC is wind vector cell.
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observations are first normalized by applying (2). The
normalization requires that wind speed W and relative wind
direction ¢ be specified. The wind speed is found directly from
the o, observations using the simplified wind speed algorithm
described in the next paragraph. The relative direction ¢ is
calculated from the ECMWF wind direction. Fortunately, the
normalization is insensitive to the inputs W and ¢. For example,
a 50% error in specifying W translates to a 1% (0.04 dB)
normalization error. An error of 180° in ¢, which is the worst
case, also translates into a 1% error. Furthermore, since o, is to
be averaged over 3 months of observations, the normalization
errors will tend to zero when doing the averaging.

The simplified wind speed algorithm uses just the fore and aft
v-pol observations. Thus an h-pol model is not required.
Generally, there are between two to four wind vector solutions
(i.e., two to four ambiguities). If the A,y term is zero, the wind
speed for the various solutions is the same [Wentz, 1991], and
one does not need to deal with the problem of ambiguity
selection. In reality, A,y is small but not zero, and as a
consequence, there is about a 5% variation in the wind speeds for
the various solutions. The simplified wind speed algorithm
selects the solution that has a wind direction that is closest to
ECMWE. Since the variation in wind speed among the solutions
is so small, ECMWF only weakly influences the wind speed
coming from the algorithm.

The model function derivation was repeated several times as
more data became available and some details of the data analysis
were changed. For the first derivation the SASS 2 model [Wentz
et al., 1984] was used to specify F, in (2). In subsequent
derivations the NSCAT model coming from the previous
derivation was used in (2). When the final NSCAT 1 model was
completed, the model derivation was repeated one last time to
verify that essentially the same results were obtained when
NSCAT 1 was used in (2). This iterative process of updating the
model function quickly converges because the correction given
by (2) has a small effect (i.e., second-order effect) on the model
derivation.

There are a few other places in the derivation to be presented
where a second-order term requires a model function along with a
wind speed and direction. These second-order terms are relatively
small and have a minor influence on the derivation. They all are
handled in the same way as for the incidence angle normalization.
The most recently derived model is used along with a wind speed
coming from the simplified NSCAT wind speed algorithm and a
wind direction coming from ECMWF. When the final NSCAT 1
model is completed, the model derivation is repeated one last
time to verify that these second-order terms have converged to a
stable value. We call this technique the iterative derivation of
second-order terms (IDSOT) procedure.

4. Derivation of the A,p Coefficients

The v-pol A, term is a function of incidence angle 6 and wind
speed W. To determine this function, we use the sum of the
previously normalized forward and aft o, measurements for a
given WVC. Assuming that (1) both observations are at the same
incidence angle, (2) the azimuth angle difference between the fore
and aft observations is 90°, and (3) both observations see the
same wind vector, then the following relationship holds:

Sy =4(Coys +0ova) = Aoy |1+ L A (cos; —sing/)] @
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where ¢y is the relative wind direction for the forward antenna.
Condition 1 is met by doing the incidence angle normalization.
Condition 2 is nearly met: the azimuth angle difference is about
88° rather than 90°. The fact that the observations are not
perfectly orthogonal introduces a maximum error of 0.1 dB,
depending on ¢, which has a zero mean when averaged over 0,
and hence it becomes negligible when the 3-month averages are
done. Likewise, the error resulting from differences in the wind
fields seen by the fore and aft antennas will tend to zero when
doing the 3-month averages.

The quantity Sy is stratified according to the WVC number and
the wind speed, and then it is averaged over 3 months (September
15 to December 18, 1996). The bin averages are denoted by
<S> ; , where I (1-12) denotes the WVC number and J is the
wind bin number defined by J = int(W), where int() is the
truncated integer function. The A,y term in (3) is small. As we
will see, A;y has a maximum value of 0.2, and the 3-month
average <cos ¢ — sin ¢>; ; (as estimated from ECMWF wind
fields) is less than 0.05. Hence the A, term is negligible, and we
can write

on(ohw)=<sv)” @)

where 0 ; is given in Table 1 and W=0.5 + J.

The mean incidence angle for the inner cell of the middle
antenna is 18.1°, which is outside the 22.7° to 59.2° range of the
fore-aft antenna. To determine A,y at this lowest incidence angle,
we simply average the middle antenna’s cell 1 v-pol observations
after doing the incidence angle normalization. At 18°, A,y and
A,y are quite small and their effect on the estimation of Ay is
negligible since cos ¢ and cos 2¢ tend to zero when averaged
over 3 months.

Figure 1 shows Ay plotted versus wind speed. There are two
sets of 13 curves. The thick curves show the results when SSM/I
is used to specify the wind speed. The thin curves show the
results for use of the ECMWF wind speeds. Each curve
corresponds to a particular wind vector cell (i.e., incidence
angle). The top thin and thick curves correspond to the WVC for
the middle antenna cell 1 (6 = 18.1°). The remaining 12 curves
going from top to bottom correspond to the fore-aft antenna
WVC 1 (8 = 22.7°) through WVC 12 (8 = 59.2°), respectively.
Also shown in the inset box of Figure 1 is the 1 standard
deviation of the Sy values within each wind speed bin.

For wind speeds above 5 ms”, the SSM/I and ECMWF results
are very similar. However, at low wind speeds, Ay derived from
the ECMWF winds are significantly higher than the SSM/I
results. Also at low winds, the variation of the A,y estimates is
much higher for ECMWF than for SSM/I. One hypothesis that
would explain these results is that sometimes ECMWF does not
properly identify areas of low winds. Thus the ECMWF low
wind bins, in truth, contain a significant number of moderate
wind observations. This explains both why the ECMWF A,y is
high and why the variation of Ayy is large. We think this
hypothesis is correct and, accordingly, do not use the ECMWF
low-wind results. At high winds above 15 ms”, the opposite
situation occurs. The ECMWF A,y have more dynamic range and
less variation than do the SSM/I values, albeit, the difference
between the ECMWF and SSM/I results are small. In view of the
above results, we use SSM/I (ECMWEF) to specify Aqy for winds
below 5 ms™! (above 15 ms™) and use a blend of the SSM/I and
ECMWEF results for winds between 5 and 15 ms™. This blending
is accomplished by the following expression: '
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Figure 1. A comparison of the vertical polarization (v-pol)

coefficient A, derived from special sensor microwave/imager
(SSM/T) and European Centre for Medium-Range Weather
Forecasts (ECMWF) wind speeds. The SSM/I results are shown
by thick curves, and the ECMWF results are shown by thin
curves. Each curve represents a different incidence angle bin.
The average Sy standard deviation for all incidence angle bins is
shown at the top by wind speed bin.

Aoy =[1-Q(x)| Aoy ssmr +Qx) Aoy, Ecuwr (5a)

x=(W-5)/10 (5b)

where Q(x) is a blending function that smoothly goes from O to 1
as x goes from O to 1.

Qx)=0 x<0 - (6a)
Qx)=3x%2-2x 0<x<1 (6b)
Q(x)=1 x>1 (6¢)

We now turn to the derivation of the h-pol A,. Since there is
only one h-pol antenna on each side of the NSCAT swath, the
derivation of the Ayy term is different from the A,y derivation.
For Ayy we compute the following quantity for each wind vector
cell.

= OoH
14+ Ay cos @+ Ay cos2g

Sy 0

in which the denominator is included to remove the wind
direction variation. When averaged over 3 months, the effect of
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the denominator is small (but not negligible) since it tends to
unity. The denominator is hence a second-order term and is
evaluated using the IDSOT procedure described in section 3. The
quantity Sy is stratified according to the WVC number I and the
wind speed bin number J, and then it is averaged over 3 months.
In this case, we do not need to rely on SSM/I or ECMWF for
wind speed. Instead, the wind speed is retrieved directly from the
NSCAT v-pol observations using the simplified wind speed
algorithm discussed above. The wind speed coming from the
simplified algorithm primarily depends on Ay, which has already
been derived above. Hence the wind speed derived from Agyy can
be used for the Ayy derivation. The bin averages are denoted by
<8y>15 and Ayy is then given by

Ao (81, W)=(Sk),,

Figure 2 shows Agy plotted versus the NSCAT wind speed.
There are 12 curves corresponding to each WVC. The curve at
the top corresponds to WVC 1 (18.1°), and the bottom curve
corresponds to WVC 12 (51.5°). The 1 standard deviation of the
Sy values within each wind speed bin are also shown.

Figures 1 and 2 show that the variation of Agp with wind speed
is similar to the power law relationship that has been commonly
used in the past; that is, log A(p versus log W is linear. However,
for both v-pol and h-pol, there is a noticeable deviation from the
power law, and we use the following expression to approximate
the wind speed dependence of Agp.

®)
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Figure 2. The horizontal polarization (h-pol) A plotted versus
the NASA scatterometer (NSCAT) wind speed. Each curve
represents a different incidence angle bin. The average Sy
standard deviation for all incidence angle bins is shown at the
top.
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Table 2. Model Coefficients for Agp

Aop 10 log Gp, Hp, Be,
Coefficient K=1 K=2 K=3
AovKo —0.333199¢+02 0.206369e+01  —0.252960e-01
aovk1 —0.484707e+00 0.150857e-01  —0.828636e-03
aovk2 0.209419e-01  —-0.484725e-03  -0.127067e-03
ayvk3 —0.722253e-03 0.282771e-04 0.223988e-05
aovka —0.197359¢e-05  —0.130800e-05 0.209310e—06
aovks 0.554852e-06  —0.208157e-07  —0.628579e-09
aovKs ~0.412505¢-08 0.149365e-08  —0.177410e-09
AQHKO —0.352134e+02 0.171875e+01 0.263735e-01
AoHK1 -0.700816e+00  —0.215342e-02 0.333145e-02
aoHK2 0.218222e-01  -0.495723e-03  -0.920586e-04
AOHK3 —0.428971e-03 0.303353e-04  —0.452963e-05
doHK4 -0.101374e-04  —0.237352e-05 0.117252¢-06
AOHKS 0.357085e-06  —0.249487e-07 0.528832¢-08
QoHK6 0.317954e-08 0.283361e-08  —0.989594e-10
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Gp, Hp, and Bp are coefficients; K denotes three parameters, Xp; = 10
log Gp, Xp2 = Hp, and Xp3 = Bp.
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Figure 3. The v-pol and h-pol G parameter plotted versus
incidence angle. The symbols V and H show the values derived
for the individual incidence angle bins, and the curves are the
regressions given by (10).

Incidence Angle (deg)

Figure 4. The v-pol and h-pol H parameter plotted versus
incidence angle. The symbols V and H show the values derived
for the individual incidence angle bins, and the curves are the
regressions given by (10).

Agp = GpW 7 exp(8pW) ©)

The exponential term accounts for the departure from a pure
power law relationship. For each of the incidence angle bins a
least squares regression is used to find the three parameters Gp,
Hp, and Bp so as to match (9) to the observed wind dependence of

Agp.  Then, another least squares regression is used to
approximate the © dependence of Gp,- Hp, and Bp. The 6
dependence is modeled by a 6th order polynomial:
6 M
Xpx = Xaopkm(6-40) (10)
M=0

where subscript K denotes the three parameters: Xp; = 10 log Gp,
Xp, = Hp, and Xp3 = Bp. The term (6 — 40) is set to unity for M =
0. The values for the agpxy coefficients are given in Table 2. The
range of validity for these regressions is 15 < 0 < 6,,x, Where 6,
equals 65° for v-pol and 55° for h-pol. Figures 3, 4, and 5 show
Gp, Hp, and PBp, respectively, plotted versus 6. The symbols “V”
and “H” show the v-pol and h-pol values found for each 6 bin.
The curves show the least squares fit given by (10).

For v-pol and the lower incidence angles of h-pol, By is
negative. This means at sufficiently high winds (20 to 90 ms™,
depending on 6), Agp will reach a maximum and then begin to
decrease. This behavior is most probably unrealistic, being an
artifact of extrapolating (9) outside the range of available wind
data. To avoid this rollover problem at high winds, we
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Figure 5. The v-pol and h-pol B parameter plotted versus
incidence angle. The symbols V and H show the values derived
for the individual incidence angle bins, and thé curves are the
regressions given by (10).

extrapolate (9) using a linear spline starting at W = 15 ms™. The
spline is constructed such that its value and its first derivative
0Ap/OW are the same as given by (9) at 15 ms™. Above 15 ms™,
the Agp spline increases linearly with W.

5. Derivation of the A,r and A,, Coefficients

The v-pol A, coefficient is derived from the difference
between the fore and aft 6, measurements. In order to remove
the influence of the A;y term on the derivation of A,y, the
following correction is first applied:

Ay cos@ J

11
1+ Apy cos@+ Ayy cos2¢ b

J:)V =0,y [1 -

The A,y term is a small correction that over 3 months has a mean
néar zero. The Ay term is hence a second-order term and is
evaluated using the IDSOT procedure described in section 3. The
following quantity D is computed for each wind vector cell:

’
_ O-on —O-:JVa

= Ay cos2¢f +& 12)

/ /
o-on +04va

where € is a noise component due to modeling and measurement
errors. The quantity D is stratified according to the WVC number
I and wind speed bin number J, where J is now defined by J =
int(W72). For each I, J bin, a histogram of D is computed.
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In the absence of noise (¢ = 0), the D histograms should look
like the probability density function (pdf) for A,ycos 2¢;. If the
distribution of ¢y is uniform over the range from 0° to 360°, the
pdf for A,ycos 2¢ is

-1
pdf(AZV 0052¢f ) = A2vﬂ'Sin 2¢f (13)

which has a minimum at cos 2¢; = 0 and goes to infinity at cos
2¢; = #1. For the D histograms, noise in the retrievals and
measurements smear out the infinite ears at cos 2¢,=+1. We
assume that measurement and retrieval errors will add Gaussian
noise to D. We let € be a deviate from a Gaussian distribution

with a standard deviation of Ae. Further assuming that ¢ is
uniformly distributed, it can be shown that the pdf for D is

2) 2

i} A
pdf (D) =(Ae 727) 1 [

1]1—t2

For each D histogram the values of A,y and Ae are varied until a
best fit (in the least squares sense) is found between the observed
histogram and (14). Figures 6 and 7 show an example of this
histogram fitting procedure. Figure 6 shows the observed
histograms for the 7 ms™ bin, and Figure 7 shows the theoretical
histograms that best match the observed ones. Each figure shows

(14

2.5 T T T T - | : : .
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2.0 .
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a
a
or 32,0 1
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43.3°-59.3°
1 { 1

'-01.0 -8 6 -4 -2 0 2

D
Figure 6. Probability density functions (pdf’s) of the difference
D for the v-pol fore minus aft normalized radar cross sections
(0,) measurements. Each pdf corresponds to a different
incidence angle bin.



WENTZ AND SMITH: NSCAT 1 MODEL FUNCTION DERIVATION

Wind = 7.0 m/s

2.7° 7]

1.5F

PDF(D)

1.0f

.0
-1.0

Figure 7. The theoretical pdf’s of the difference D that best
match the observed pdf’s shown in Figure 6.

histograms for the 12 WVCs. The narrowest, most peaked
histogram is for the lowest incidence angle bin of 22.7°. As the
incidence angle increases, the width of the histograms increases,
indicating that A,y increases with 6 for this wind speed. In this
way a value for A,y is found for the 12 WVCs and 10 wind bins.

Figure 8 shows the obtained A,y values plotted versus wind
speed. The symbols show the A,y values computed for each 6 bin
(i.e, WVC) and wind speed bin. The symbols are the
hexadecimal notation for the WVC number (1 to C corresponds
to WVCs 1 through 12). In Figure 8 we have also included the 6
= 18° bin from the middle v-pol antenna, which is labeled with
the symbol “0.” The histogram technique cannot be used for this
lowest 6 bin because fore and aft 6, do not exist. Instead, we use
the least squares harmonic fit technique discussed below. The
signal-to-noise ratio (SNR) is too small to obtain reliable A,y
values for the 1 ms™ bin. Also for the 8 bins from 18° to 28°,
A, /Ag is too small to find A,y for the 3 ms”! bin. For winds
below 10 ms™, A,y increases with 8. However above 10 ms™!, the
A,y versus 6 dependency begins to reverse itself. For example, at
20 ms”, A,y increases as © goes from 18° to 30° and then
decreases as 6 goes from 30° to 60°. An analysis of Figure 8 as
well as the A,y results given below shows that the 8 and W
dependence for A,p can be modeled by

4 3 ” N
Agp= 3 YarpuwW" (6-10)
N=1M=1

1s5)
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where the regression coefficients a,pyy are given in Table 3. The
range of validity for the regression is W < 20 ms and 15 < <
Omax>» Where 0, equals 65° for v-pol and 55° for h-pol. For
winds greater than 20 ms™, W is set to 20 in (15). The curves in
Figure 8 show A,y as computed from (15). There are 13 curves
that correspond to the 12 WVCs plus the extra 6 = 18° bin.

‘A simpler way to find A,y would have been a harmonic
analysis of ¢, versus ¢, where ¢ is computed from the ECMWF
wind direction. The problem with this approach is that it is
sensitive to errors in the ECMWF wind directions, whereas the
histogram approach does not require a specification of wind
direction. ECMWEF errors tend to smear out the G, versus ¢
modulation, and as a result, the estimate of A,y coming from a
least squares fit of G, versus ¢ will always underestimate the true
value of A,y. This is particularly true at low wind speeds below 5
ms™, for which the ECMWF direction errors can be large.

To analyze this underestimation problem, we computed A,y
(and also Ay, Ay, Aoy) using the standard least squares fit to the
observed G, versus ¢ curves. These results are then compared to
values obtained by the D histogram technique. When doing the
harmonic fits, the effect of the A, term is removed by dividing o,
by A). The A, term contains the dominant dependencies of 6, on
0 and W. The following quantity is computed:

Tp =Z0P 1= A pcosp+ Aypcos2p (16)
P

V-pol A2

] 5 10 15 20
Wind Speed (m/s)

Figure 8. The v-pol A, values plotted versus wind speed. The
symbols O through C denote the 13 6 bins and show the value
obtained for each © wind bin. The curves are the regressions
given by (15).
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Table 3. Model Coefficients for A,p

A3 Coefficient

V-pol

H-pol

azp11
azp2
azp31
axp12
azpn
azp32
- aze13
a3
azp33
azpi4
awn

azp3a

—0.310929¢-02
0.844082e-03
—0.294355e-04
0.569782e-03
—0.817576e-04
0.250476e-05
—0.134223e-04
0.176263e-05
—0.530116e-07
0.974349e-07
—0.122837e-07
0.367063e-09

—0.820475e-03
0.585086e-03
-0.217526e-04
0.228444e-03
—0.433336e-04
0.137112e-05
—0.279677e-05
0.570146e-06
—-0.174164e-07
—0.186039e-07
0.426204e-09
—-0.738717e~11

Agp is computed using (9), in which the wind speed comes from
the NSCAT-simplified wind speed algorithm described above. Tp
is stratified into the same 6 and W bins that were used for the D
histograms. For each bin a least squares fit is used to find A;p
and A,p. Figure 9 shows the ratio of A,y derived from Tp versus
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Figure 9. Crosses show the ratio of A,y derived from a least
squares harmonic fit versus that derived from the D histograms.
For each wind speed bin there are 12 crosses corresponding to the
12 6 bins. The curve shows the ratio predicted by a simulation in
which the ECMWF wind direction error is modeled by Gaussian
noise in the u and v components of the wind vector.

H-pol A2

0 i - 1 L

] 5 10 15 20
Wind Speed (m/s)

Figure 10. The h-pol A, values plotted versus wind speed. The
symbols 1 through C denote the 12 6 bins and show the value
obtained for each © wind bin. The curves are the regressions
given by (15).

the value coming from the D histograms. This ratio is plotted
versus wind speed and is shown by the crosses. For each wind
speed bin, there are 12 crosses corresponding to the 12 WVCs.
As expected, the computed A,y values coming from the least
squares harmonic analysis, which uses the ECMWF wind
directions, are smaller, particularly at low wind speeds.

Figure 9 provides the means to estimate the error in the
ECMWF wind directions. We first observed that the degree of
underestimation is mostly a function of wind speed, depending
little on incidence angle. This suggests that the underestimation
is simply due to errors in ECMWF wind product. At low (high)
winds for which the wind direction error is large (small), the
underestimation is large (small). A simple simulation is done to
generate a synthetic Tp versus ¢ data set. Gaussian noise is added
to ¢ to simulate errors in ECMWF. A least squares fit is then
done to recover A,p and Ap. Via trial and error, we find the
amount of noise that is required to produce the observed
underestimation of A,y. The heavy curve in Figure 9 is the
simulation result for the case in which the ECMWF error is
modeled by Gaussian noise in the u and v components of the
wind vector. The noise has a standard deviation equal to 1.2+
0.12 W for both u and v, with no correlation between u and v.
That is to say, at low winds the error in u and v is about 1.2 ms™,
and at high winds it is about 12%. We consider the size of this
error to be reasonable, and it agrees very well with the results
shown in Figure 9.

The remaining parameters to be found are Ay, Ay, and A,y.
Unfortunately, the histogram approach cannot be used to derive
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Figure 11. The v-pol A, values plotted versus wind speed. The
symbols O through C denote the 13 6 bins and show the value
obtained for each 6 wind bin. The curves are the regressions
given by (18).

the A;p parameters, nor can it be used to find A,y because there is
only one h-pol antenna on each side of NSCAT. Thus we must
rely on the least squares harmonic fit discussed above. We know
that the harmonic analysis underestimates the parameters.
However, given Figure 9, we now have a way of correcting the
underestimation problem. The correction takes the form
ANP = \PN (W) ANP (17)
where subscript N = 1 or 2 and Ay, is the value coming from the
least squares harmonic fit. The correction function ¥y(W), which
is a simple function of wind speed, is derived from the simulation
discussed above. Figure 9 shows the correction function Wo(W)
for A,p. The correction function ¥ (W) for A,p is similar to
W,(W) except that it increases to unity (with increasing W) much
faster than does W,(W). The underestimation of A,p due to
ECMWEF wind direction errors is about half that for Ayp.

Figures 10 through 12 show Ay, Ay, and Ay, respectively,
plotted versus wind speed. The labeling convention for these
figures is the same as described for Figure 8. The symbols show
the values computed for each 6 wind bin, and a hexadecimal
notation is used to specify the WVC. The SNR is too small to
obtain a reliable estimate for the 1 ms™ bin. Also, for A,y the
values for the 3 ms™' bin appeared erroneous and were discarded
as being too noisy. An analysis of Figures 10-12 shows that the 6
and W dependence for A,y can be modeled by (15), with the
regression coefficients given in Table 3. Ay and Ay are modeled
by
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Ay =Y YaywW" (6-40) .(18)
N=0 M=0
303 " N
Ag=7Y YagnwW" (6-40) 19)

N=0M=0

The values for the regression coefficients are given in Table 4.
The range of validity for these regressions is W < 20 ms™ and 15
< 0 < Oy, Where 0, equals 65° for v-pol and 55° for h-pol. For
N =0, (8 -40)" is set to unity, and for M = 0, W is set to unity.
For winds greater than 20 ms’!, W is set to 20 in (18) and (19).
The values coming from these regressions are shown by the solid
lines in Figures 11 and 12.

The difference between regression values for A p and A,p and
the binned values is typically about 0.02, which represents a 0.1-
dB error. There are cases for which the difference is larger,
particularly for A;;. Somewhat better regressions could probably
be derived by including higher-order terms.

6. Alignment of Wind Speed Histograms

As a preliminary test, the new G, model is implemented into
the NSCAT processing software, and a 3-month (September 15 to
December 18, 1996) wind vector data set is produced.
Histograms of the resulting wind speeds are then analyzed.
Separate histograms are made for each of the 12 WVCs, and they
are shown in Figure 13. These histograms are normalized to

3]

H-pol A1

) 5 10 15 20
Wind Speed (m/s)
Figure 12. The h-pol A, values plotted versus wind speed. The
symbols 1 through C denote the 12 6 bins and show the value
obtained for each © wind bin. The curves are the regressions
given by (19).
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Table 4. Model Coefficients for A;p

A Coefficient V-pol H-pol
arpm 0.219575e+00 0.442604e+00
ap1o —0.514068e-02 —0.825727e-02
aip20 0.443523e-05 0.168152e-03
arp3o ~0.875588e-05 —0.212250e-04
apot 0.588161e-03 0.128898e—01
arein 0.518480e-03 0.982790e-03
aipai —-0.104422e~04 ~0.136218e-03
aip3i -0.153837e-06 0.338862e~-05
arpoz —-0.355617e-03 —0.112481e-02
ap12 0.656609e-05 0.100865e-03
a2 0.119783e-05 —0.854751e-05
ap32 -0.353267e~07 0.287316e-06
arpo —0.332487e-04
ap13 0.207059¢-05
ar —0.133341e-06
aip33 0.515220e-08

correspond to pdfs. As can be seen, the histograms are not well
aligned. The histograms for the lower incidence angles are more
peaked than those for the higher incidence angles. An analogous
set of 12 histograms was constructed from the collocated

.10

Wind Speed PDF (s/m)

.05

NSCAT Wind
before correction

10

15 20

Wind Speed (m/s)
Figure 13. Pdf for NSCAT wind speeds coming from the
original model. There are 12 pdf’s, one for each wind vector cell
(WVC). The histograms are not well aligned, which indicates
that the original model needs modifying.

ECMWF Wind
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Figure 14. Same as Figure 13, except in this case, the wind pdf’s
represent the collocated ECMWF wind speeds. The ECMWF
pdf’s for the 12 WVCs are very closely aligned and appear as a
single curve.

ECMWEF wind speeds, as shown in Figure 14. The two sets of
histograms (i.e., Figures 13 and 14) are entirely equivalent from a
sampling standpoint. The ECMWF histograms are virtually the
same for the 12 WVCs. In fact, it is difficult to distinguish the 12
separate curves in Figure 14. From this we conclude that the true
wind speed distribution, when averaged over 3 months, is nearly
the same for each of the 12 WVCs. The fact that the distributions
of NSCAT winds vary with incidence angle indicates a problem
with the new o, model. This problem is due to the fact that the
true wind speed dependence of Agp deviates slightly from the
simple model given by (9). The histogram alignment is extremely
sensitive to small errors (0.2 dB) in Ayp and thus can be used to
fine-tune the model.

A trail-and-error analysis is done to find a wind speed
correction that will align the wind speed histograms. Clearly, the
correction needs to be a function of both wind speed and
incidence angle. We find that the following correction closely
aligns the wind speed histograms:

W=W+AW (20
AW =[c; sin(3) + ¢, sin(27)] exp(—0.0le)

Hez(cosy —1) +cqlcos2y - Du(2z-y) @1

7= 2/{%] (22)
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Figure 15. The wind speed correction required to align the
NSCAT wind speed pdf’s. The 12 curves correspond to the 12
WVCs.

¢ = 0.65—0.0007(6 - 60)” u(60— 6) (23a)
¢y =-005+000136- 38" (23b)

c3 = =020 +0.0045(6 - 21) 230)

cq =004 (23d)

where W is the corrected wind speed, Wis the wind speed
produced by the ¢, model derived in sections 4 and S, and 0 is
the average incidence angle of all the v-pol observations (fore,
middle, and aft) in a particular WVC. The function u( ) is the
unit step function. Figure 15 shows AW plotted versus W. The
12 curves correspond to the 12 WVCs. The required correction
is not large, reaching a maximum value of about 0.7 ms™.

We now want to modify the v-pol o, model derived in the
previous sections so that it will produce the desired change in
wind speed. We do not want to completely rederive the model
but, rather, find some perturbatior to the model that will correct
the wind speed problem. To accomplish this, we note that the
corrected model should have the following property:

Fy(W,6)=F,(W,0) 24
where Fy denotes the corrected 6, model and F, denotes the
original model derived above. We are making use of the fact that

Fy(W,6) represents the o, value corresponding to a wind speed of
W. We also note that (20) and (21) relating W to W can be
inverted to give W as a function of W. For example, given W, the
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wind speed W is found by a simple iteration method. For the first
iteration, V:Vis set equal to W and AW is found. For the second
iteration, Wis set equal to W — AW, a new AW is found, and so
on. Convergence is defined as when IW — W~ AWl < 0.001 ms™,
which typically takes about three iterations. Denoting this
inverse function by W = A(W), we can write

Fy(W,0)= Fy[A(W,6),6] (25)

which defines the corrected o, model. In other words, the
corrected G, model is evaluated by first converting the input wind
speed Wto W and then inputting Winto Fy.

The same method is used to correct the h-pol G, model, with
one exception: a small modification must be made to the
incidence angle in (23). The incidence angle for the h-pol
observation is not the same as the average of the three v-pol
observations. Since the incidence angle in (23) is essentially a
proxy for the WVC number, the h-pol 6 must be first converted to
a value corresponding to the equivalent v-pol average 6 before
evaluating (23). This conversion from the h-pol 6 to the v-pol
average, which is denoted by @', is approximated by

6’ = 6+01455(6-16) (26)

(The above conversion is not as accurate as it could be owing to
an oversight on our part. A better conversion would have been 6’
=1.06 6 + 2.3. However, the error due to this oversight is very
small, of the order of 0.1 ms™.) The corrected ©, model for h-
pol is then given by

NSCAT Wind
after correction

10

Wind Speed PDF (s/m)

.05

0 5 10 15 20 25
Wind Speed (m/s)
Figure 16. Same as Figure 13, except in this case, the wind

speeds come from the modified model. The curves for the 12
WYVCs are now better aligned.
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Fy(W,8)= Fy[A(W,6),6] @

Figure 16 shows the results for the corrected 0, model. The
wind speed histograms for the 12 WVCs are now closely aligned
and agree very well with the ECMWF histograms shown in
Figure 14. It should be noted that figures (not shown) for the
model parameters Agp, A;p, and App plotted versus wind speed
show that the corrected model is quite similar to the original
model. In particular, Agp still smoothly and monotonically
increases with wind speed.

7. Results

The NSCAT 1 model used for processing the 10-month
NSCAT data set consists of the Agp term derived herein
(including the correction for histogram alignment) and the A;p
and A,p terms derived by M. Freilich (personal communication,
1997), which are very similar to those presented here. In this
section, we present some validation results for the NSCAT 1
wind vectors. These results are for the entire 10-month
(September 15, 1996, to June 29, 1997) NSCAT mission. There
are two components to the validation: NSCAT versus ECMWF
comparisons and NSCAT versus buoy comparisons.

The wind vector retrieval algorithm typically finds two to four
possible wind vector solutions. These possible solutions are
called ambiguities. The fundamental ambiguity is a 180°
uncertainty in the wind direction. For the ECMWF and buoy
comparisons we use the wind vector solution that is selected by
the ambiguity removal algorithm [Shaffer et al., 1991]. The
ambiguity removal algorithm is based on a median filter that
usually corrects the 180° ambiguity problem. The National
Center for Environmental Prediction (NCEP) 2.5° wind fields are
used in the initialization of the median filter, but thereafter, the
selection of the correct ambiguity is not constrained by the NCEP
field but, rather, is based on the relative likelihood of the
ambiguity, as computed by the wind vector retrieval algorithm.
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Figure 17. The joint probability density function (pdf) of the
NSCAT wind speed and the collocated ECMWF wind speed.
The value for the joint pdf’s are shown as contours.
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Figure 18. NSCAT versus ECMWEF statistics plotted versus the
NSCAT WVC number. (top) Mean and standard deviation of the
NSCAT minus ECMWF wind speed difference. (middle) Mean
and standard deviation of the wind direction difference. (bottom)
Ambiguity selection skill.

Figure 17 shows the joint pdf of the NSCAT wind speed and
the collocated ECMWF wind speed. The values for the joint pdf
are shown as contours in Figure 17. The contours are nearly
symmetric about the 45° line of perfect agreement, which
indicates the NSCAT and ECMWF winds have approximately the
same dynamic range. Figure 18 shows various NSCAT versus
ECMWEF statistics plotted versus the NSCAT WVC number. In
this case, we show the results for both the left swath (cells 1 to
12) and the right swath (cells 13 to 24). The outer left swath is
cell 1, and the outer right swath is cell 24. Figure 18, top, shows
the mean and standard deviation of the NSCAT minus ECMWEF
wind speed difference. Figure 18, middle, shows the mean and
standard deviation of the wind direction difference. Figure 18,
bottom, shows the ambiguity selection skill. The wind direction
statistics and the ambiguity selection skill are only compiled for
observations for which the NSCAT wind speed is greater than 5
ms”. Below 5 ms™, both NSCAT and ECMWF wind directions
become less reliable because small changes in the zonal or
meridional wind components result in large changes in wind
direction. The wind speed statistics are computed for all winds.
Furthermore, when computing the wind direction statistics, we
apply the following correction:

IF(Ap< 90 ¢w= ¢w + 180°
IF(A¢p> 90°) ¢y = ¢y —180°

(28a)
(28b)
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where A¢ is the difference between the NSCAT wind direction
minus the ECWMF wind direction and ¢y is the NSCAT wind
direction retrieval. Equations (28a) and (28b) correct those cases
for which the ambiguity removal algorithm incorrectly selects the
ambiguity that is rotated 180° relative to the correct ambiguity.
Corrections (28a) and (28b) are required for 1.1% of the
observations. If this correction is not applied, then the 1.1%
incorrect solutions, which have a wind direction error near 180°,
greatly distort the comparison statistics. The performance
statistics shown in Figure 18 are relatively constant over the 24
wind vector cells. This indicates that the G, model is correctly
handling the incidence angle variation. The overall mean and
standard deviation of the wind speed difference are 0.05 and
1.78 ms™!, respectively. The overall mean and standard deviation
of the wind direction difference are 0.8° and 18.5°, respectively.

Figure 18 also shows the ambiguity selection skill, which is
defined as the percentage of time the ambiguity removal
algorithm selects the ambiguity that is closest in direction to the
ECMWF direction. Two ambiguity removal techniques are
considered: the “nudged” algorithm and the “unnudged”
algorithm. The nudged algorithm is the one described above that
uses the NCEP wind fields for the initialization of the median
filter. The term nudged refers to the fact that the NCEP wind
field is used. In contrast, the unnudged algorithm uses no
ancillary information and the median filter is initialized according
to the wind vector solution that has the highest likelihood. The
ambiguity selection skill is 94.4% for the nudged retrievals and
91.2% for unnudged retrievals.  This skill is very high
considering the fact that sometimes the ECMWF wind direction
is in error (that is, a perfect retrieval algorithm would not give a
100% skill factor). Another (and possibly better) indication of
the ambiguity selection skill is the number of times IA¢l > 90° and
corrections (28a) and (28b) are required. This occurs only 1.1%
of the time.

Finally, we did a comparison of the NSCAT wind speeds with
the National Data Buoy Center (NDBC) buoys and the Pacific
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Figure 19. A comparison of NSCAT wind speeds and buoy wind
speeds. There are 46,844 matchups for which the mean

difference (NSCAT minus buoy) is —0.29 ms™ and the standard
deviation of the difference is 1.26 ms™.
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Figure 20. A comparison of NSCAT wind speeds and buoy wind
speeds. The statistics are binned according to the buoy wind
speed. For each 1 ms™ bin, the solid line shows the mean
NSCAT minus buoy difference and the dashed lines show the + 1
standard deviation of the difference.

Marine Environmental Laboratory (PMEL) Tropical Atmospheric
Ocean (TAO) equatorial buoy array. No buoy observations were
used in the algorithm development, so these comparisons are
indeed an independent evaluation. There are a total of 120
buoys. A space and time collocation window of 30 km and 1
hour results in 46,844 NSCAT-buoy matchups. Figures 19
through 21 show the results. Figure 19 is a scatterplot of the
NSCAT and buoy wind speeds. The scatterplot allows one to see
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Figure 21. A comparison of NSCAT wind directions and buoy
wind directions. There are 30,226 matchups for which the mean
difference (NSCAT minus buoy) is 7.9° and the standard
deviation of the difference is 15.7°.
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outliers as well as the results at high winds where there are few
points. There are some outliers but note that the 100 or so
outliers represent only about 0.2% of the observations. For low
and moderate winds the scatterplot is not very useful because the
thousands of observations appear as a black blob, and one cannot
see the true statistics. Figure 20 is a statistical summary of the
points shown in Figure 19. The points are binned according to
the buoy wind speed. The width of the bins is 1 ms™. For each
wind bin the average and standard deviation of the NSCAT minus
buoy wind speed difference is found. The average value is shown
by the solid line, and the +1 standard deviation is shown by the
dashed lines. There are 46,844 comparisons, and the overall
mean and standard deviation of the NSCAT minus buoy wind
speed difference are —-0.29 and 1.26 ms”, respectively. The
negative —0.3 ms™! bias generally occurs over the range of winds
from 3 to 20 ms™. The positive bias for wind below 2 ms™ is an
artifact of binning the statistics according to the buoy wind and
does not indicate the low NSCAT winds are biased high, as
discussed by Freilich [1997]. If the statistics are binned
according to the average of the NSCAT and buoy winds, then
there is no bias at low winds. Above 15ms”, the statistics
become less reliable because there are few observations. Note
that the large negative difference at 27 ms” is the result of a
single NSCAT overpass of a buoy reporting a wind speed of 27
ms™.

Figure 21 is a scatterplot of the buoy wind direction
comparisons. There are 30,226 comparisons, and the mean and
standard deviation of the NSCAT wind minus buoy wind
direction difference are 7.9° and 15.7°, respectively. As with the
ECWMTF comparison, only NSCAT winds above 5 ms™ are used,
and the 180° correction given by (28a) and (28b) are applied to
the NSCAT directions, where in this case, A is the difference
between NSCAT and the buoy direction. Only 1.2% of the
observations require the 180° correction. The bias of 7.9° is very
perplexing. It occurs over the entire range of wind directions.
The NSCAT versus ECMWF comparison does not show such a
bias. The absence of a bias for the ECMWF comparisons is not
due to tuning the algorithm to ECWMF. Rather, it is a result of
the fact that the NSCAT o, observations display a maximum that,
on average, is precisely aligned (£1°) with the ECMWF upwind
direction. Furthermore, the o, observations are symmetric about
the upwind direction. The same 8° bias occurs when the buoys
are directly compared to ECMWF. We have no explanation of
why the worldwide buoy network is reporting a wind direction
that is biased 8° relative to both NSCAT and ECMWF. The bias
is such that buoy direction is rotated counterclockwise relative to
NSCAT and ECWMF when looking down onto the ocean
surface.

8. Conclusions

In ‘general, the NSCAT observations display the expected
variation with respect to wind speed, wind direction, incidence
angle, and polarization. The dependence of 6, on wind speed is
derived from collocated SSM/I satellite wind retrievals and
ECMWF model winds. We find that at low winds (< 5 ms™), the
SSM/I wind speeds are more reliable than ECWMF, probably
owing to occasional location errors in the ECMWF wind features.
The wind speed dependence is similar to a power law relationship
but exhibits a decrease in sensitivity (i.e., dlog 6,/dlog W) at the
higher winds. The wind direction dependence follows the usual
A cos ¢ + A, cos 2¢ form. The v-pol second harmonic is found
from histograms of the o, difference between forward and aft
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antennas. The h-pol A, and the A, coefficients are found from a
harmonic analysis of o, versus ECWMF wind direction. An
adjustment is made to account for the fact that the harmonic
analysis tends to underestimate the amplitude of A; and A,.

The shape of the retrieved wind speed pdf is very sensitive to
the assumed o, versus W relationship. Thus the alignment of the
wind speed pdf’s for different incidence angles provides an
excellent means to fine-tune the G, versus W relationship so that
consistent wind retrievals are obtained across the NSCAT swath.

The NSCAT 1 model is used to process the 10-month NSCAT
data set, and the wind retrievals agree well with ECWMF and
buoys. The mean and standard deviation of the NSCAT minus
ECMWEF (buoy) wind speed difference are 0.05 and 1.78 ms,
respectively (-0.29 and 1.26 ms”). The mean and standard
deviation of the NSCAT minus ECMWF (buoy) wind direction
difference are 0.8° and 18.5°, respectively (7.9° and 15.7°). The
difference between the NSCAT direction and the ECMWF (buoy)
direction exceeds 90° only 1.1% (1.2%) of the time. For these
cases the NSCAT vector is rotated by 180° before doing the
comparisons. The bias of 0.3 ms™ relative to the buoys is small
but probably significant. Direct comparisons between ECWMF
and buoys show that ECMWEF is typically about 0.5 ms™ low
relative to the buoys. Thus the question arises as to what should
be the calibration standard for NSCAT winds: the buoys or
ECMWEF. Since NSCAT 1 is calibrated to ECMWF, the wind
speeds may be biased somewhat low.

The 8° bias between the NSCAT and buoy wind directions is
very perplexing. It occurs over the entire range of wind
directions. The NSCAT versus ECMWF comparisons show no
such bias. The same 8° bias occurs when the buoys are directly
compared with ECMWF. We have no explanation of why the
worldwide buoy network is reporting a wind direction that is
biased 8° relative to both NSCAT and ECMWF.

The ambiguity selection skill for the nudged and unnudged
algorithms is 94.4% and 91.2%, respectively. Another, and
possibly better, measure of ambiguity removal skill is the percent
of time the NSCAT direction is rotated greater than 90° relative
to either ECWMF or buoys. This occurs for only 1.2% of the
observations.

Now that the entire 10-month NSCAT o, data set is available,
we plan to rederive the 6, model using all the available data. We
do not expect the new model to be much different from NSCAT
1. However, a few minor changes and improvements will be
made. The formulation for the A(p parameter (i.e., (9) and (10))
will be expanded to included higher-order terms, which will be
derived so as to align the wind speed pdf’s for different incidence
angles. This inclusion of higher-order terms will eliminate the
need to do the posthoc correction (25) to the model. Higher-
order harmonics will be added to better model the o, wind
direction dependence. We will also further investigate the —0.5
ms™! bias between the ECMWF and buoy wind speed and the +8°
bias between the ECWMF/NSCAT and buoy wind directions.
The reliability of buoy observations at high winds will also be
investigated. Our ultimate goal is to specify a calibration
standard for the scatterometer wind vectors.

Appendix: NSCAT Antenna Beam Balancing
Over the Ocean

Small errors in the specification of the NSCAT antenna gain
functions and look geometry will result in relative biases in the
measurements from the eight NSCAT antennas. It is important
that these biases be removed so that accurate wind vectors can be
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retrieved. In general, the biases are modeled by

01(6)=0(0)+b(6) (Al)

where 6,(8) is the normalized radar cross section measurement
(0,) for beam I (I=1,8), 6/(6) is the corrected value, and by(8) is
the sought after beam balance correction. The correction is
intended to “balance” the antenna beams so that the corrected G,
for a given incidence angle and polarization is the same for all
antennas, when averaged over a sufficiently long time period.
Letting angle brackets denote an average over time, this
requirement is

(07()=(07(®) (A2)

where J # I. To remove these biases, various methods have been
developed to measure the relative biases among the eight NSCAT
antenna beams [Bracalente et al., 1980; Freilich et al., 1998].
Our approach is a relatively simple method based on 3-month
averages of ocean O, binned according to incidence angle,
polarization, and antenna beam. We elect to use ocean
observations, rather than land, because NSCAT is primarily an
ocean wind sensor. By using ocean observations, the range of G,
values used to find the beam balance correction is the same as
that used for wind vector retrieval.  Also, any incorrect
specification of incidence angle is absorbed by the correction.
This would not be the case if a land target were used because the
o, versus O relationship for land is very different than that for
ocean.

The NSCAT antenna patterns were precisely measured, and
hence we place a high degree of confidence in the unadjusted
relationship between G, and 0. Therefore we want by(6) to be a
relative correction that does not, on average, alter the G, versus 6
relationship. This requirement for a relative, rather than absolute,
correction is satisfied by imposing the following condition:

— N
b(H)E%ZbI =0 (A3)
I=1
where the summation is over the six v-pol antenna (N=6) or the
two h-pol antennas (N=2). Thus, on average, the beam balance
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Figure Al. NSCAT ascending beam biases for the eight
antennas.
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Figure A2. NSCAT descending beam biases for the eight

antennas.

correction will not alter the G, versus 0 relationship. Conditions
(A2) and (A3) are met by the following correction:

b1(0)=(c(6)-0,(6)) (Ad)

As in (A3), the overbar denotes an average over the antennas.

The major problem with correction (A4) is the assumption
(A2) that all the antenna beams, when averaged over time,
measure the same o, value. In reality, as pointed out by Freilich
et al. [1998], there are systematic differences in wind speed and
particularly wind direction that violate assumption (A2). A
general circulation model (GCM) can be used to compute these
systematic differences, and (A2) can be replaced by a more
rigorous statement:

(67(8)~ 0% (8)) =(F1(8)- F;(6)) (A5)
where F is the 6, model function evaluated using a collocated
GCM wind vector. Equation (AS) simply says the difference in
the time average G, measurements for two antenna beams equals
the corresponding difference for the model function. The more
rigorous correction coming from conditions (A3) and (AS) is then

b(8)=(5(8)- 0,(8) - (F(O)- F1(9)) (A6)

As before, the overbar denotes an average over the antennas.

Equation (A6) is used to computed the beam balance
correction. ECMWF wind fields are interpolated to the location
and time of the NSCAT observations to compute F. The data are
then binned into 2° incidence angle bins from 16° to 64° and
averaged over the first 3 months of NSCAT operation to compute
b/(0). Separate computations are done for the ascending and
descending orbit segments to account for the fact that attitude
errors may produce biases that vary with orbit position.

There are several details about the computation of b,(0) that
should be mentioned. First, since computations are separately
done for ascending and descending orbit segments, the subscript /
actually represents the antenna beam and the orbit segment (either
ascending or descending). Likewise, the average denoted by the
overbar, i.e., (A3), actually represents an average over antennas
and over the two orbit segments.
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Second, there is strong evidence that o, at low incidence
angles is independent of polarization, and we assume that the
corrected O, at 16° should be the same for both v-pol and h-pol
observations of the ocean. However, the h-pol uncorrected o, at
16° is 0.40 dB higher than the v-pol value. So the following
adjustment is done to the h-pol by(0):

b;(6) = b; (8) - 0.00123(34° - 6)* (A7)

for h-pol and 6 < 34°. This type of correction was chosen

because it only alters the h-pol o, versus 0 relationship at low
incidence angles.

Third, when doing the averages over antennas as specified by
(A3), one must account for the fact that the fore and aft antennas
span the 6 range from 20° to 64° and the middle antennas span
the range from 16° to 54°. Thus not all 6 bins have observations
from all antennas. In doing the averages, a blending technique is
used to smoothly go from the swath edges to the middle swath.

Figures Al and A2 are plots of the beam balance corrections
for the ascending and descending orbit segments, respectively,
versus incidence angle. These corrections were applied to the
NSCAT-2 processing.
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