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Abstract—A geophysical model function (GMF), relating the
directional response of polarimetric brightness temperatures
to ocean surface winds, is developed for the WindSat multifre-
quency polarimetric microwave radiometer. This GMF is derived
from the WindSat data and tuned with the aircraft radiometer
measurements for very high winds from the Hurricane Ocean
Wind Experiment in 1997. The directional signals in the aircraft
polarimetric radiometer data are corroborated by coincident
Ku-band scatterometer measurements for wind speeds in the
range of 20–35 m/s. We applied an iterative retrieval algorithm
using the polarimetric brightness temperatures from 18-, 23-, and
37-GHz channels. We find that the root-mean-square direction
difference between the Global Data Assimilation System winds
and the closest WindSat wind ambiguity is less than 20 for above
7-m/s wind speed. The retrieval analysis supports the consistency
of the Windrad05 GMF with the WindSat data.

Index Terms—Ocean surface wind, polarimetric radiometer,
scatterometer, tropical cyclone.

I. INTRODUCTION

THE ocean surface wind, generating the momentum flux
affecting ocean circulation and mixing, is one of the key

driving forces for the heat and moisture exchanges between
the air and sea surfaces. Global ocean surface winds from the
QuikSCAT scatterometer [1], operating since August 1999,
have been routinely assimilated into the numerical weather
prediction systems operated by the National Center for En-
vironmental Prediction (NCEP) and European Center for
Medium-Range Weather Forecasts (ECMWF).

As a potential alternate technique to active microwave radar,
the passive microwave polarimetry [2] for ocean surface wind
vector measurements has been investigated through several
aircraft field campaigns [3]–[11]. Polarimetric passive mi-
crowave radiometry characterizes the microwave emissions
by four Stokes parameters [2]. The vertically and horizontally
polarized brightness temperatures ( and ) represent the
first two Stokes parameters. The third and fourth Stokes param-
eters, and , characterize the orientation and ellipticity of
the polarized electromagnetic radiation. The past aircraft field
campaigns have shown wind direction signals in all Stokes
parameters for sea surface emissions. The directional signals
in the spaceborne Special Sensor Microwave/Imager (SSM/I)
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and data extensively analyzed in [12] and [13] have
compared very well with aircraft observations [13]. However,
the strong response of and data to the atmospheric cloud
liquid and water vapor does not allow robust wind direction es-
timates using the SSM/I-like dual-polarized satellite microwave
radiometers. In contrast, the third and fourth Stokes parameters
are less sensitive to cloud and water vapor as demonstrated in
aircraft measurements [3]–[11] and are more suitable for the
ocean wind direction measurements over a broader range of
weather conditions.

The aircraft data show that the wind direction signals in
and increase with wind speed and reach a few Kelvin for
moderate and high winds (10–15-m/s wind speeds). An empir-
ical geophysical model function (GMF) (Windrad99), relating
the amplitude of and to ocean surface wind speed and di-
rection, was derived from the Jet Propulsion Laboratory (JPL)
aircraft Wind Radiometer (WINDRAD) measurements in the
range of wind speed from 3–15 m/s [7].

To explore the polarimetric microwave signals for extreme
high winds, the Hurricane Ocean Wind Experiment (HOWE)
was conducted with a set of National Aeronautics and Space
Administration (NASA) P-3 aircraft flights over Hurricane
Erika in September 1997. The HOWE sensor suite included
the Jet Propulsion Laboratory (JPL) Ku-band dual-polarized
scatterometer (NUSCAT) [14] and JPL polarimetric 17-, 19-,
and 37-GHz WINDRAD [5], [6]. In this paper, we will describe
the characteristics of the WINDRAD/HOWE measurements to
lend support to the satellite measurements for very high winds.

The spaceborne demonstration of passive polarimetry for
large spatial coverage of ocean surface wind vectors is being
performed by the WindSat multifrequency polarimetric ra-
diometer [15], developed by the Naval Research Laboratory
for the U.S. Navy and the National Polar-Orbiting Operational
Environmental Satellite System (NPOESS) Integrated Program
Office. The WindSat instrument was launched successfully
on the Coriolis satellite mission in January 2003. We have
analyzed six months of WindSat data to develop a GMF
(Windrad05) for the third and fourth Stokes parameters. The
WindSat GMF has been compared with the aircraft WINDRAD
data to demonstrate consistency. We have also applied the
GMF to wind retrieval from the WindSat data to validate the
Windrad05 GMF and to assess the directional measurement
performance of WindSat.

Section II describes the WINDRAD/HOWE data for extreme
high winds ( m/s). Section III presents the signatures of
WindSat polarimetric radiometer data. The wind direction har-
monics of the Stokes parameters in the form of an empirical
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geophysical model function are described in Section IV. The re-
sults of wind retrieval analysis are presented in Section V. We
summarize the key findings in Section VI.

II. AIRCRAFT HIGH WIND EXPERIMENT

In September 1997, JPL WINDRAD was deployed together
with the NUSCAT on the NASA P-3 research aircraft. Two
flights over Hurricane Erika were performed on September 10
and 11, 1997. Additional data were acquired over the National
Data Buoy Center (NDBC) buoy 44004 during the transit flight
from Bermuda to the Wallops Island on September 12, 1997.
This flight campaign included circle flights for the WINDRAD
passive microwave radiometers with antennas pointing toward
the starboard at 75 elevation angle from the aircraft nadir axis.
The circle flights were performed at three constant bank angles
of 10 , 20 , and 30 , resulting in 65 , 55 , and 45 incidence
angles for the WINDRAD, respectively.

Hurricane Erika reached its peak intensity of 110 knots on
September 8, 1997 and retained this intensity for a period of
24 h. The hurricane passed about 300 nautical miles east of
Bermuda on the 10th and turned toward the east–northeast on
the 11th and 12th. The maximum wind speed estimated from
the National Hurricane Center (NHC) best track analysis during
the time of aircraft flights was about 80–90 knots (40–45 m/s)
on the 10th and 65–70 knots (32–35 m/s) on the 11th. We had
acquired data from one location on the 10th and three locations
on the 11th to sample different wind conditions. There probably
was rain in the area of NASA P-3 circle flights on September 10,
1997, while the atmosphere was nonprecipitating with stratus
clouds over two areas and scattered clouds over one area of data
acquisition on the 11th.

NUSCAT employed two axis gimbals to point a parabolic re-
flector antenna at selected incidence (0 to 65 ) and azimuth
angles. During the HOWE circle flights, we pointed the an-
tenna toward the starboard at an elevation angle of 65 for right
hand banks. Because the WINDRAD antenna boresight pointed
at 75 in elevation, the NUSCAT incidence angle was lower
than the WINDRAD incidence angle by 10 . This resulted in
an offset between the WINDRAD and NUSCAT antenna foot-
prints by about 2 km at 45 WINDRAD incidence angle and
about 5 km at 65 WINDRAD incidence angle. The WINDRAD
footprint size was about 4.5 km 1.9 km at 65 incidence angle,
while the NUSCAT footprint size was about 1 km 0.6 km at
55 incidence angle. There was no overlap between the WIN-
DRAD and NUSCAT footprints. However, the spatial offset did
not seem to significantly decorrelate the directional signals in
the concident active and passive observations for nonprecipi-
tating conditions.

During the HOWE deployment, the GPS dropsondes were
launched from P-3 to perform in situ measurements. GPS drop-
sondes provided the measurements of wind speed and direc-
tion (horizontal winds), pressure, temperature, and humidity.
The NUSCAT/HOWE data together with detailed descriptions
of GPS dropsondes and acquired meteorological data were pub-
lished in [14].

The atmospheric losses for the investigated locations (Table I)
were estimated by using the technique described in [7], which
compares the WINDRAD and measurements averaged

TABLE I
SUMMARY OF SURFACE WIND AND ATMOSPHERIC CONDITIONS FOR JPL

AIRCRAFT POLARIMETRIC RADIOMETER AND AIRCRAFT FLIGHTS IN 1997.
ONE-WAY ATMOSPHERIC LOSSES IN DECIBELS AT 19 AND 37 GHz WERE

ESTIMATED FROM THE RADIOMETER DATA AT 55 INCIDENCE ANGLE.
THE VALUES FOR THE U.S. STANDARD ATMOSPHERE, EVALUATED

USING THE MPM [19], WERE INCLUDED AS A REFERENCE

over wind directions at 55 incidence angle with Wentz’s SSM/I
model values [17]. Location 1 had significant atmospheric at-
tenuation, about 2 dB at 55 and 19.35 GHz. Location 2 was
partly clear with broken scattered clouds and had a lower loss.
Locations 3 and 4 had stratus cloud cover, but were probably
nonprecipitating. If there was no rain at location 2, then the dif-
ference of the 19.35-GHz atmospheric losses between locations
1 and 2 suggests rain attenuation of about 1.5 dB at location 1,
which would correspond to about 10 mm/h rain rate.

Figs. 1–3 illustrate the coincident active and passive mi-
crowave measurements at location 4 for Hurricane Erika. The
data were plotted against the azimuth angle of antenna look
direction with respect to the north for two consecutive circles.
The normalized radar cross-sections for are indicated in
the upper two panels. The subscript stands for the receiving
polarization, while the subscript stands for the transmit polar-
ization. The NUSCAT radar can transmit and receive vertical
polarization (V) or horizontal polarization (H).

The radar data acquired at the 55 incidence angle along with
the radiometer data acquired at 65 incidence angle are illus-
trated in Fig. 1. The peaks of and agree well with
the wind direction reported by the dropsonde. The cross-polar-
ized response has similar characteristics to and .
At this location the brightness temperature was quite high
( K), indicative of high atmospheric loss. However, the
differences between and remain large, about 20–40 K at
K-band (19 GHz). The substantial polarization difference does
not suggest the presence of heavy precipitation. Although
and data share similar azimuth direction features, they are
uncorrelated with the wind direction. It is likely that the cloud
cover or humidity was nonuniform during flight circles, and
hence overwhelmed the directional variations of and ex-
pected for clear sky conditions. Unlike and , the wind
direction response of the third and fourth Stokes parameters is
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Fig. 1. Coincident Ku-band ocean backscatter and polarimetric brightness
temperatures of sea surfaces versus antenna azimuth look angle. The upper
two panels plot the NUSCAT � ; � , and � backscatter data at 55
incidence angle. The bottom three panels plot the Stokes parameters acquired
at 65 incidence. The data were acquired on September 11, 1996 with NASA
P-3 flights over Hurricane Erika. The dropsonde wind was 32.7 m/s at 348
from the north.

apparent. The magnitude of azimuth modulations is about 4 K
in and 1 K in at 17 GHz. The 37-GHz data have smaller
amplitudes for , likely due to larger atmospheric attenuation.
The directional modulations of and resemble the sinusoidal
function, orthogonal to the cosine dependence of radar and

.
Fig. 2 illustrates the data at lower incidence angles, 45 for

radar and 55 for radiometer. The radar and data in-
dicated clear wind direction dependence. The cross-polarized
echoes had similar features, but had a corrupted directional re-
sponse over the first part of the second circle. The radiometer
and data indicated sinusoidal response with the direction of
zero crossings lining up very well with the radar data. The am-
plitudes of and are similar to those at 65 incidence angle.

Reducing the aircraft bank angle (or incidence angle) by an-
other 10 resulted in the data illustrated in Fig. 3. The radar
data at 35 incidence angle showed clear correlation with wind
direction for all polarization channels, although data indi-
cated noisier response near the azimuth angle of 720 . Similar
to the data at higher incidence angles, the radiometer and
data showed clear influence of clouds, while and data have
good correlations with the wind direction. The amplitude of is
about 4 Kelvin, similar to the data at 55 and 65 incidence an-
gles. The most dramatic change is the amplitude of reducing
to about 0.5 K peak-to-peak from 1 K at 55 and 65 incidence
angles.

We have examined the data from locations 1, 2, and 3. The
characteristics of these data are essentially the same as those il-
lustrated in Figs. 1–3. The only major difference was a lesser
cloud coverage over location 2, where there were broken scat-

Fig. 2. Coincident Ku-band ocean backscatter and polarimetric brightness
temperatures of sea surfaces versus antenna azimuth look angle. The upper two
panels plot the NUSCAT � ; � , and � backscatter at 45 incidence.
The bottom three panels plot the Stokes parameters acquired at 55 incidence
angle. The data were acquired on September 11, 1996 with NASA P-3 flights
over Hurricane Erika. The dropsonde wind was 35.2 m/s at 325 from the
north.

tered clouds in some regions, but appeared to be clear for many
areas. Consequently, the wind direction dependence was observ-
able in the and data from location 2 with their signa-
tures similar to the data acquired for moderate winds (5–12 m/s)
during 1993–1996 flight campaigns.

The key features of the coincident radar and radiometer data
acquired from flights in 1997 can be summarized as follows.

• There were wind direction signals in the third and fourth
Stokes parameters of radiometer data for up to 35-m/s
winds, even under the presence of cloud cover. Radar and
radiometer data suggest consistent wind directions for
clear and cloudy skies for 10–35-m/s wind speed.

• The radar data showed decreasing directional modulation
from 5 to 2 dB for wind speed increasing from 10 to 35 m/s,
while the peak-to-peak modulation of the third Stokes pa-
rameter remained essentially unchanged.

• The radar data had small upwind and downwind asym-
metry with a dominant second cosine harmonics for high
winds, while the passive third Stokes parameter data had a
strong upwind and downwind asymmetry with significant
first harmonics.

III. WINDSAT POLARIMETRIC MICROWAVE SIGNATURES

The WindSat polarimetric multifrequency radiometer con-
sists of five frequency channels, 6.8, 10.7, 18.7, 23.8, and
37 GHz, respectively, at the incidence angles of 53.5 , 49.9 ,
55.3 , 53.0 , and 53.0 . The 10-, 18-, and 37-GHz channels
have fully polarimetric capability for and mea-
surements. The 6- and 23-GHz channels are dual-polarized
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Fig. 3. Coincident Ku-band ocean backscatter and polarimetric brightness temperatures of sea surfaces versus antenna azimuth look angle. The upper two panels
plot the NUSCAT � ; � , and � backscatter at 35 incidence. The bottom three panels plot the Stokes parameters acquired at 45 incidence. The data were
acquired on September 11, 1996 with NASA P-3 flights over Hurricane Erika. The dropsonde wind was 35.2 m/s at 325 from the north.

for and observations only. The integrated field of view
(IFOV) is 40 km 60 km, 25 km 38 km, 16 km 27 km,
12 km 20 km, and 8 km 13 km, respectively, for 6-, 10-,
18-, 23-, and 37-GHz channels. Because the wind directional
dependence of and has been extensively investigated in
[13], we focus our investigation on the characteristics of and

data.
We have obtained six months of WindSat brightness tem-

perature data from September 2003 through February 2004. In
addition, the WindSat project also provided the collocated en-
vironmental analysis from the NCEP Global Data Assimilation
System (GDAS). The GDAS analysis was produced on
grids at 00Z, 06Z, 12Z, and 18Z. The matchup algorithm, using
the closest GDAS analysis in time (within h), selects four
GDAS points surrounding each WINDSAT footprint location,
and spatially interpolates the GDAS geophysical parameters
to the WINDSAT antenna footprint location. The WindSat
data for the matchup were binned on the IFOV resolution
(40 km 60 km) of the 6-GHz channel, about a factor of two
higher resolution than the GDAS grids. The GDAS analysis
consists of ocean surface wind speed, wind direction, water

temperature, atmospheric water vapor, and liquid water. For
each GDAS and WINDSAT data matchup, we estimated the
atmospheric transmittance at each frequency using the
technique described in [7] to remove the atmospheric atten-
uation effects on and data. This technique compares
the WINDSAT and data against the surface emissivity
predicted from the Advanced Microwave Scanning Radiometer
(AMSR) model function [18] using the GDAS wind speed
and water temperature as the input. After the estimate of is
achieved, the (or ) data are corrected for the atmospheric
attenuation by

Here signifies the WindSat measurements on the top of
atmosphere.

The corrected and data are binned as a function of the
GDAS wind speed and relative wind direction at 1-m/s and 10
step. The relative wind direction is the difference between the
GDAS wind direction and the azimuth angle of the WindSat
look direction. Fig. 4 plots the average and standard deviation
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Fig. 4. WindSat 18-GHz U data binned as a function the NCEP GDAS wind direction from 1–25-m/s wind speed.
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of the 18-GHz data in each bin as a function of the wind direc-
tion from 1–25-m/s wind speeds. There are sinusoidal signals in
all the panels with the peak of the sinusoids as low as 0.05 K at
lower than 5-m/s wind speed and as large as 2 K in the range
of 15–20-m/s wind speed. The amplitude of signals is clearly
larger than the standard deviations, about 0.5 K for 5–15-m/s
wind speeds, suggesting the statistical significance of the ob-
served sinusoidal signals. For wind speeds above 23 m/s, the
number of GDAS high-wind analysis reduces significantly, re-
sulting in degraded sinusoidal features. At 24- and 25-m/s wind
speeds, a lack of samples in several wind direction bins makes
this WindSat and GDAS matchup analysis less reliable.

In each panel, we include the curves of the truncated sine se-
ries with coefficients selected to fit the data using the least square
error criterion. The curves for sine series of two, three, and up to
eight terms are hardly separable. We find that the first two terms
of the sine series fit the data quite well. It is clear that the first
harmonics dominate the sine series for wind speed greater than
5 m/s. The amplitude of the third and fourth terms of the sine
series are near zero for low winds and increases to about 0.1 K
for moderate and high winds. The set of curves near the hori-
zontal axis corresponds to the difference between the averaged
WindSat data and the sine series in each bin. The difference is
mostly less than 0.1 K for less than 20-m/s wind speeds, but fre-
quently exceeds 0.3 K for higher than 23-m/s wind speeds. We
therefore conclude that keeping only the first two terms of the
sine series provides accurate representation of the wind direc-
tion features in WindSat data.

The data are illustrated in Fig. 5. Like the data, there
are clear directional signals in all the panels except for 24- and
25-m/s winds. The standard deviation is quite small, less than
0.2 K for most cases, indicating the statistical significance of
observed directional signals. The directional characteristics of

data are dominated by the second harmonics, unlike the
data with a dominant first harmonics. The features of WindSat

and data agree very well with the aircraft observations
reported in [5]–[10].

We have performed similar analysis on the and data at
10 and 37 GHz. The directional features in the 10-GHz and
and 37-GHz data are as robust and are very similar to those at
18 GHz. The exception is the 37-GHz data, which have much
smaller directional response than the lower frequency channels.

IV. WIND DIRECTION HARMONICS

This section explores the amplitude of wind direction har-
monics in polarimetric brightness temperatures through the
comparison of WindSat data with existing model functions and
aircraft data. The objective is to achieve an empirical GMF
to enable wind direction retrievals over a wide range of wind
speeds for WindSat.

For reflection symmetric surfaces it has been shown from
Maxwell’s equations [16] that and are even functions of
azimuth angle and and are odd functions with rep-
resenting the symmetry plane. These general symmetry proper-
ties have been demonstrated in the aircraft, SSM/I and WindSat
measurements for wind-generated sea surfaces, which are ex-
pected to be statistically reflection symmetric with respect to

the wind direction . This suggests that the Stokes parameters
can be expanded by cosine or sine series of the relative azimuth
angles

Here, with and representing the azimuth
angle of wind and radiometer look directions, respectively. The
coefficients of the first harmonics account for upwind and down-
wind asymmetric surface features, while those of the second
harmonics account for the upwind and crosswind asymmetry.

Note that the definition of WindSat and data is off by a
minus sign from the aircraft WindRad data. We have inverted the
sign of the WindSat and coefficients illustrated in Figs. 6–8
for comparison with aircraft observations [5]–[7].

The lower four panels of Fig. 6 compare the K-band WindSat
harmonics coefficients for and with the aircraft Windrad
radiometer data and the empirical Windrad GMF. The absolute
magnitude of is small for lower than 5-m/s winds, increases
rapidly with increasing wind speed from low to moderate winds
and levels off above 15-m/s wind speed. In comparison is
very small and has no distinctive wind speed dependence. The
amplitude of and increases from light to 12-m/s wind
speed and decreases in amplitude beyond 15–20 m/s. This fea-
ture is consistent with the wind speed response of the second
harmonics of Ku-band spaceborne radar data, which also have
an initial increase followed by a decrease with increasing wind
speed [20]. The characteristics of the WindSat and data
agree very well with the aircraft WINDRAD data.

The Ka-band (37 GHz) and harmonics data are illus-
trated in Fig. 7. The WindSat data agree well with the air-
craft data. The response of to wind speed also agrees well al-
though the WindSat data are stronger than the aircraft data at
near 15-m/s wind speed, probably due to limited sampling sta-
tistics of the aircraft measurements. The characteristics of the
Ka-band data are very similar to these of K-band data.

The exception is the significantly smaller at Ka-band than
at K-band. This is opposite to the relative magnitude of at
these two frequency bands with the WindSat data indicating
slightly stronger data at Ka-band. If the Bragg scattering
mechanism in the two-scale scattering model is the key driver
for both and data, then data at Ka-band should not be
so much weaker [11]. The WindSat Ka-band data, if accu-
rate, provides experimental evidence indicating deficiency in the
two-scale ocean scattering model for ocean surfaces.

The upper four panels of Figs. 6 and 7 compare the and
harmonics data from the aircraft measurements and three

empirical models, including the empirical model (MW2002)
produced by Meissner and Wentz [11]. The empirical model
function, Windrad99, was an empirical fit of the aircraft Win-
drad data acquired before 1997 [7], and the empirical model
Windrad05 was retuned from the Windrad99 model to match
the MW2002 model and to produce better wind retrievals for
WindSat data processing for high winds. The revision of the



590 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 44, NO. 3, MARCH 2006

Fig. 5. WindSat 18-GHz V data binned as a function the NCEP GDAS wind direction from 1–25-m/s wind speed.
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Fig. 6. Directional harmonic coefficients of K-band brightness temperatures
versus wind speed at a nominal incidence angle of 55 . The scattered diamonds
and rectangles are the JPL WINDRAD data acquired from flight campaigns
during 1993–1997. The dotted–dashed lines correspond to the harmonics
coefficients derived from the WindSat data. Thin solid curves correspond to
the empirical Windrad99 model function [7], while the short-dashed lines
correspond to the empirical Windrad05 model tabulated in Table II. The
long-dashed lines illustrated in the panels for T and T are the empirical
model derived from the MW2002 model by Meissner and Wentz [13].

MW2002 model for high winds will be further discussed in the
next section.

The aircraft data and the MW2002 model both show that
and data are small and have no distinctive wind speed de-
pendence. The amplitude of appears to be similar to at
less than 10 m/s, except with a sign difference. Without suffi-
cient data for at greater than 15 m/s, it is unclear if also
saturates for high winds (greater than 20 m/s).

Fig. 8 compares the WindSat data and the empirical MW2002
and Windrad05 models at X-band. Note that the Windrad05
model at X-band was essentially tuned from the WindSat data
for and and from the MW2002 model for and . The
changes made to the MW2002 model are to saturate and
for high winds. It is shown that the behavior of and coeffi-
cients versus wind speed is very similar to that at K-band, except
with a smaller magnitude. One interesting difference from the
18- and 37-GHz channels is the wind speed for which the peak

amplitude is achieved. The absolute magnitude of reaches
maximum at near 15 m/s at X-band, but peaks near 11–12 m/s at
K-band and Ka-band. This suggests that the upwind and cross-
wind asymmetry of sea surfaces increases less rapidly for light
to moderate winds at lower microwave frequencies.

The harmonics coefficients derived from the K-band Win-
drad data for 45 and 65 incidence angles are illustrated in

Fig. 7. Same as Fig. 6 except for Ka-band.

Figs. 9 and 10. The first harmonics coefficients at 45 incidence
angle have very similar wind speed response to those at 55
incidence angle, but have slightly smaller amplitudes. In con-
trast, the data at 65 incidence angle illustrated in Fig. 10 show
larger and than at 55 incidence angle. This is consistent
with the expectation that the effects of the upwind and down-
wind asymmetry of ocean surfaces, in the form of skewness
in surface slopes, asymmetric distribution of capillary waves,
breaking waves, and sea foam on the long waves, are more pro-
nounced at higher incidence angles, similar to what is indicated
in the Ku-band ocean backscatter.

Regarding the upwind and crosswind asymmetry, the char-
acteristics of and data at 45 and 65 incidence angles
are similar to those at 55 incidence angle. However, the wind
speed response of and changes significantly over inci-
dence angles. is positive at 45 incidence angle for at least
up to 20-m/s wind speeds (Fig. 9), slightly negative at 55 inci-
dence angle (Fig. 6), and clearly negative at 65 incidence angle
(Fig. 10). Examining the data acquired at 22 m/s shows that

changes from positive to negative as the incidence angle
increases from 45 to 55 . The phase transition of at high
wind speeds is even more pronounced than that of as shown
in Figs. 6, 9, and 10. At 35-m/s wind speed, is negative at 45
incidence angle (Fig. 9), but becomes positive at 65 incidence
angle (Fig. 10). This kind of phase transition versus incidence
angle appears to be consistent with the theoretical signature of
Bragg scattering by short-gravity and capillary waves [11].

The characteristics of K-band (17 and 19 GHz) and Ka-band
(37 GHz) data are very similar in terms of wind speed depen-
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Fig. 8. Directional harmonic coefficients of WindSat X-band brightness
temperatures (dotted–dashed curves) versus wind speed at a nominal incidence
angle of 50 . Thin solid lines correspond to the empirical model with
coefficients tabulated in Table IV. The dashed lines illustrated in the panels for
T and T are the empirical model derived from the MW2002 model [13].

dence for each incidence angle and polarization (Figs. 1–3). Be-
cause of the similarity at these two frequency bands, only the
37-GHz harmonic coefficients at 55 incidence angle are com-
pared in Fig. 7 with the MW2002 model function [13].

As suggested by the data illustrated in Figs. 6–10, indicating
a rapid increase of directional signals at low wind speeds and a
saturation or phase change at high wind speeds, the following
exponential function was selected to fit the Fourier coefficients
as a function of the neutral wind speed at 10-m elevation

(1)

The second term in the above equation was included primarily to
model the phase transition of and over incidence angles.

Tables II–IV summarize the coefficients for the Windrad05
model. The Windrad05 model is an update of the Windrad99
model [7] using the Windrad data acquired for high winds, the
WindSat data and the MW2002 model. In general, the empirical
curves fit the data very well. The empirical fit for and data
suggests that the harmonics coefficients grow with an exponent

of about 2.5 at low wind speeds.
Note that the MW2002 model was derived using the SSM/I

data for up to 14-m/s wind speed. The illustration of the
MW2002 model for and was an extrapolation for

Fig. 9. Directional harmonic coefficients of K-band brightness temperatures
versus wind speed at a nominal incidence angle of 45 . The scattered diamonds
and rectangles are the JPL WINDRAD data acquired from flight campaigns
during 1993–1997. Thick solid lines correspond to the empirical model with
coefficients tabulated in Table II.

higher wind speeds. We find from the retrieval analysis de-
scribed in the next section that the should continue to
increase and saturate, while should slowly level off for
wind speed beyond 15 m/s. This adjustment was made in the
Windrad05 model using the Windrad data at 22-m/s wind speed
and the MW2002 model to refit the empirical model function
described in (1).

V. WIND RETRIEVAL TESTING

We apply the empirical geophysical model function described
in the above section to the wind speed and direction retrievals
from the WindSat data. Through this process, we demonstrate
the consistency of the model function with the WindSat data.

For the WindSat retrieval, we assume the following model to
account for the effects of atmospheric attenuation and radiation

(2a)

(2b)

(2c)

(2d)

The quantities on the left-hand side of the equations are the
polarimetric brightness temperatures at the top of atmosphere.

and are the vertically and horizontally polarized
brightness temperatures of sea surfaces without wind direction
effects, and are functions of wind speed, integrated atmospheric
water vapor (WV), integrated atmospheric liquid water (LW),
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Fig. 10. Directional harmonic coefficients of K-band brightness temperatures
versus wind speed at a nominal incidence angle of 65 . The scattered diamonds
and rectangles are the JPL WINDRAD data acquired from flight campaigns
during 1993–2000. Thick solid lines correspond to the empirical model with
coefficients tabulated in Table III.

TABLE II
WIND DIRECTION MODELING COEFFICIENTS FOR POLARIMETRIC

BRIGHTNESS TEMPERATURES AT 19 GHz

and sea surface temperature. The atmospheric attenuation is de-
noted by , which is a function of WV and LW. , and

are modeled by Wentz’s AMSR ocean algorithm [18]. The at-
mospheric attenuation and radiation reflected by the ocean sur-
faces have effectively two-way attenuation impact on the wind
direction signals.

TABLE III
WIND DIRECTION MODELING COEFFICIENTS FOR POLARIMETRIC

BRIGHTNESS TEMPERATURES AT 37 GHz

TABLE IV
WIND DIRECTION MODELING COEFFICIENTS FOR POLARIMETRIC

BRIGHTNESS TEMPERATURES AT 10.7 GHz

Fig. 11. Wind retrieval algorithm using an iterative approach to estimate wind
speed, wind direction, water vapor, and cloud liquid water.

We employ an iterative approach, illustrated in Fig. 11, to
retrieve the wind speed and direction from the WindSat 18-,
23-, and 37-GHz data. The sea surface temperature is from the
monthly climatology [21]. The initial step ignores the wind di-
rection effects and retrieves the wind speed, water vapor, and
liquid water from and data using the isotropic model func-
tion for and . A conjugate gradient approach is used
to search for the solution to minimize the sum of square (SOS)
differences between the model and measured and data.
The initial W and estimates are then used together with the
18-GHz , 18-GHz , and 37-GHz data to find the wind di-
rection solutions that correspond to the local minimum of the
SOS differences of and calculated from (2c) and (2d).
In general, there are several local minima, yielding ambiguous
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Fig. 12. RMS speed and direction difference between the NCEP GDAS winds
and WindSat retrievals. The solid curves represent the wind speed retrieval from
the WindSat 18- and 37-GHz T and T brightness temperatures using the
AMSR model function [18] and the wind direction retrieved from the WindSat
U andV channels provided the wind speed and � estimates fromT andT data
without iteration (no feedback). The dashed curves correspond to the iterated
wind speed and direction estimates using the MW2002 directional model for T
and T for iterations [13]. The dotted–dashed curves correspond to the iterated
wind estimates using the Windrad05 directional model function for iterations.

wind direction solutions. For each directional ambiguity, the it-
erative approach reestimates the wind speed, WV, and LW from

and data using the full model function with wind direction
modulation. The updated W and estimates are subsequently
used to refine the direction of each ambiguity.

We apply the above wind retrieval algorithm to six months
of WindSat data from September 2003 to February 2004. We
started with the MW2002 directional model for and and
the Windrad05 model for and . The retrievals are compared
with the GDAS winds to indicate the impact of model func-
tion changes. After the initial wind speed and direction retrieval
(no feedback), the root-mean-square (RMS) wind speed and di-
rection differences for the closest directional ambiguity to the
GDAS wind are illustrated in Fig. 12. The RMS wind speed dif-
ferences reach as low as 1 m/s for 3–7-m/s GDAS wind speed,
and rise above 4 m/s for 15–20-m/s wind speed. The RMS wind
direction differences are below 20 for 7–15-m/s wind speeds. A
significant part of the RMS wind speed or direction differences
for high winds is due to the error in the GDAS analysis and the
spatial and temporal mismatch with the WindSat observations.

After we iterate the wind speed and direction solution for the
closest directional ambiguity three times using the approach de-
scribed above, there is some minor improvement to the RMS
wind speed difference for high winds near 15 m/s, but the RMS
wind direction differences degrade significantly for greater than
12-m/s wind speeds. More iterations do not change the results.
This suggests some deficiencies in the directional model func-
tion for and .

We repeated the same retrieval process using the WindRad05
directional model for and . Significant improvements to
the RMS speed and direction differences are shown in Fig. 12.
The RMS direction difference reduces to well below 20 for
high winds, while the RMS wind speed difference is also re-
duced. This positive impact is clearly related to the changes of

and model for above 15-m/s wind speeds. As we noted
earlier the directional response in the MW2002 model is essen-
tially an extrapolation for above 15-m/s wind speed. The extrap-

olation, resulting in significant underestimate of , apparently
is inaccurate and introduces negative impact on the wind direc-
tion retrieval during iterations. The WindRad05 model with co-
efficients tuned by the limited WindRad measurements at high
wind speeds (Fig. 6) produces more consistent results with the
GDAS winds for above 15-m/s wind speed (Fig. 12). It is inter-
esting to find that the wind direction retrievals from the WindSat
18–37-GHz channels can agree with the GDAS wind to about
15 or less for 7–20-m/s wind speeds.

Note that to infer the accuracy of WindSat retrievals from
the RMS differences will require quantitative estimates of the
GDAS accuracy. This is challenging because of the difficulty
of finding an absolute anemometer reference for the error anal-
ysis of GDAS winds. An indirect assessment was made in [22]
through the comparison with high-quality scatterometer winds
and indicated the RMS wind speed differences of about 1–3 m/s
between the GDAS and QuikSCAT winds, comparable to that
between the GDAS and WINDSAT winds shown in the left
panel of Fig. 12. If we assume that the GDAS, WindSat and
QuikSCAT errors are all independent, the results suggest that
the accuracy of WindSat wind speed is comparable to the accu-
racy of QuikSCAT scatterometer, about 1 m/s [22].

For the wind direction accuracy assessment, [22] shows that
the standard deviation of the differences between the QuikSCAT
and GDAS wind directions varies between 20 to 23 across the
swath and also shows that the standard deviation of the direc-
tional difference between the QuikSCAT and the NDBC buoy
winds is between 10 to 20 from 3 to 25 m/s. If we partition the
difference equally into the QuikSCAT and NDBC buoy wind di-
rection errors, the QuikSCAT direction error will be about 7 to
15 and consequently the standard deviation of the GDAS wind
direction errors will be in the range of 10 to 15 . Substracting
the GDAS directional accuracy estimates from the RMS differ-
ences between the GDAS and WindSat wind directions suggests
that WindSat has achieved 10 to 15 accuracy for greater than
7-m/s wind speed for the wind retrieval using the WindRAd05
model shown in Fig. 12. Our results appear to be consistent with
the preliminary assessment of WindSat accuracy [23], which has
shown comparison of the WindSat winds with the NDBC buoy
and QuikSCAT winds.

VI. SUMMARY

This paper summarizes the characteristics of WindSat po-
larimetric radiometer and airborne polarimetric radiometer and
radar measurements acquired from the hurricane ocean wind ex-
periment in 1997. The aircraft data indicated strongly correlated
wind direction signatures in passive and active microwave ob-
servations of sea surfaces. Among the entire set of aircraft radar
and radiometer measurements, the scatterometer signals,
and , and the radiometer and data are fairly robust to
weather conditions.

The aircraft data show that there are strong wind direction
signals in polarimetric microwave sea surface brightness tem-
peratures at wind speed up to 35 m/s. The wind direction sig-
nals are similar at 19 and 37 GHz. and data are sensitive
to clouds with their wind directional dependence overwhelmed
by inhomogeneous cloud covers. The third and fourth Stokes
parameters, and , for high winds are fairly insensitive to



YUEH et al.: POLARIMETRIC MICROWAVE WIND RADIOMETER MODEL 595

clouds, and have a wind directional dependence similar to those
observed at moderate wind speeds ( m/s).

The WindSat data were collocated with the GDAS winds for
directional analysis. The WindSat data are binned as a func-
tion of the GDAS wind speed and direction. There are clear
wind direction signals in the WindSat polarimetric radiometer
channels, except the 37-GHz channel, for wind speed in the
range of 5–22 m/s. Because of the lack of high wind analysis
in the GDAS winds, the WINDSAT/GDAS collocations do not
have sufficient wind direction samples for all wind directions
for greater than 22-m/s wind speed.

We have reduced the Fourier coefficients from the JPL aircraft
WINDRAD data and the spacecraft WindSat data. The WindSat
data agree very well with the aircraft data, both showing rapid
increase of directional signals with increasing wind speed from
light to moderate wind speeds. The trend of WindSat data with
the characteristics of decreasing second harmonics for high
winds is consistent with the aircraft observations. We have used
the WindSat and Windrad data to develop an empirical model
function (WindRad05) to support the analysis and algorithm
development for WINDSAT wind retrieval for 3–30-m/s wind
speed. The retrieval analysis supports the consistency of the
WindRad05 model function with the WindSat data.
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