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Abstract - Aircraft dual-frequency (19 and 37
GHz) radiometer measurements of polarimetric
sea surface brightness temperatures are reported
in this paper. All measured Stokes parameters
showed ‘a few Kelvin azimuth modulations with
respect to the wind direction. The wind direc-
tional signals observed in the 37 GHz channel were
similar to those in the 19 GHz channel. This indi-
cates that the wind direction signals in sea surface
brightness temperatures have a weak frequency
dependence in the range of 19 to 37 GHz. The
harmonic coefficients of the wind direction signas
were derived from experimental data versus inci-
dence angle. It was found that the first harmonic
coeflicients, which are caused by the up and down-
wind asymmetric surface features, had a small in-
creasing trend with the incidence angle. In con-
trast, the second harmonic coefficients, caused by
the up and crosswind asymmetry, showed signif-
icant variations in T, and U data, with a sign
change when the incidence angle increased from
45° to 65°. Besides the first three Stokes param-
eters, the fourth Stokes parameter, V, which had
never been measured for sea surfaces before, was
measured using our 19-GHz channel. The Stokes
parameter V has an odd symmetry just like that of
the third Stokes parameter U, but with a smaller
wind direction signa than that of U. Theoretical
interpretation based on two-scale scattering mod-
els was performed to interpret the experimental
data. In summary, the sea surface features cre-
ated by the near surface winds are anisotropic in
azimuth direction and modulate all Stokes param-
eters of sea surface microwave brightness temper-
atures by as large as a few Kelvin in the range
of incidence angles from 45° to 65° applicable to
spaceborne observations.

. INTRODUCTION

There has be an increasing interest in the applica-
tion of passive microwave radiometers for ocean
wind remote sensing. The near surface ocean
wind, generating the momentum flux affecting
ocean circulation and mixing, is the key driv-
ing force in ar-sea interaction processes. Global
mapping of near surface ocean winds is crucia
for many oceanographic and atmospheric stud-
ies. Previous applications of passive microwave
radiometers were limited to wind speed mea-

surements based on the sensitivity of thermal
emission on surface roughness created by wind
forcing. Examples of such radiometers include
the Scanning Multichannel Microwave Radiometer
(SMMR) flown on NIMBUS-7 and SEASAT and
the Special Sensor Microwave/Imager (SSM/I) de-
ployed on the Defense Meteorological Satellite
Program (DMSP) missions [1].

However, recent experimental observations [2,
3, 4, 5] indicated that ocean microwave thermal
radiation could vary over azimuthal angles rela
tive to the wind direction by a few Kelvin.
aircraft radiometer experiments conducted by the
Russian scientists at the Space Research Institute
measured the sea surface brightness temperatures
a near normal incidence angles [2, 4]. They found
a few Kelvin wind direction signal in the bright-
ness temperatures. Unfortunately, those measure-
ments did not cover the range of incidence angle
traditionally used by spaceborne microwave ra-
diometers (incidence angles of 48° to 60°) for large
swath coverage. In contrast, SSM/I has measured
the brightness temperatures at an incidence angle
of 53". Wentz’'s SSM/I model function [3] indi-
cated that T» and T, at both 19 and 37 GHz could
vary with the wind direction by a few Kelvin.

Besides vertical and horizontal polarization
measurements made by conventional radiometers,
the results collected at near normal incidence
by Dzura et al. [4] and the theoretical anal-
ysis based on a polarimetric Bragg scattering
model by Yueh et al. [6] suggested that radio-
metric brightness temperatures at al polarization
states are also sensitive to wind direction. To
explore the potential of polarimetric radiometry
for spaceborne remote sensing applications, a K-
band multi-polarization radiometer (WINDRAD)
was built and deployed on the NASA DC-8 air-
craft with circle flights over several ocean buoys
to study sea surface radio emissions by Yueh et al.
[5] in November 1993. These measurements were
the first experimental evidence indicating that the
first three Stokes parameters of sea surface emis
sions are sensitive to ocean wind direction in the
incidence angle range of 30° to 50°. The ob-
served azimuthal signatures of Stokes parameters
were shown to agree with the predictions of a two-
scale surface emission model [7, 8]. The results
of these aircraft flights indicate that passive po-
larimetric radiometry ha-s a strong potential for
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global ocean wind speed and direction measure-
ments from space.

However, these experimental data are not yet
adequate to design a spaceborne sensor for ocean
wind sensing. The key parameters of a spaceborne
radiometer system include the frequencies, inci-
dence angle, and radiometric sensitivity. Wentz's
SSM/T geophysical model function [3] was lim-
ited to the 53° incidence and was for only two
polarizations T, and Th». Hence, Wentz's SSM/1
model function does not alow a tradeoff study
of incidence angle and polarization selection. For
the cases of the data collected in November 1993
by the Jet Propulsion Laboratory’s (JPL)WIN-
DRAD, the results were three Stokes parameter
measurements from 30° to 50° incidence angles.
However, they were insufficient to define a geo-
physical model function due to the limited atmo-
spheric and oceanic conditions encountered. In ad-
dition. the 1993 JPL data were limited to one fre-
quency only, thus providing no information about
how the signals change with frequency.

To obtain a better understanding of the fre-
quency dependence, a Ka-band (37 GHz) polari-
metric radiometer was built and integrated with
the K-band (19 GHz) radiometer used in the 1993
WINDRAD experiments. The dual-frequency sys
tem was flown in July and August, 1994 over ocean
buoys to obtain a more extensive measurement
with varying incidence angle. The results are re-
ported in this paper.

I[I. MICROWAVE POLARIMETRIC
RADIOMETRY

The electromagnetic waves emitted from natura
media due to random therma motion of electric
charges are in genera partially polarized. To fully
characterize the polarization state of partialy po-
larized thermal radiation, four parameters I, Q,
U, and V were introduced by Sir George Stokes
[10]. Because conventional radiometers for earth
remote sensing measure T,and Tx, an alternate
representation is to use a modified form of Stokes
vector with four parameters, 7., 74, U, and V,

T, < IEulz >
Th < |ExP >

I, = = A 1
U=l 2Re < E,EL > )
4 2Im < E,E} >

T. and T» are the brightness temperatures of ver-
tica and horizontal polarizations, while U and V
characterize the correlation between these two or-
thogonal polarizations. Note that I(=7T,+7h) rep-
resents the total radiated energy and Q(=T,—7Tx)
the polarization balance. Eqg. (1) defines the
Stokes parameters in terms of the horizontally and
vertically polarized components of electric fields
(Ex and E,). The polarization vectors are related
to the direction of propagation and are illustrated
in Figure 1. The angular brackets denote the en-

semble average of the argument, and c is a pro-
portional constant relating the brightness temper-
ature to the electric energy density [12].

~)
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Figure 1. Polarization vectors and coordinate system.
b = —cosfcos ¢z — cos§sin pf +sin 2, h = sin pz —
cos ¢y, and 7 = sin 8 cos @ + sin fsin ¢y + cosH 2.

For wind-generated sea surfaces, the surface
spectrum is expected to be symmetric with respect
to the wind direction (¢). In other words, the
surfaces are statistically reflection symmetric with
respect to ¢ [9]. Let the azimuthal observation
angle of radiometer look direction be denoted by
¢, and the relative azimuth angle by ¢ = ¢y —¢,.
Yueh et al. [9] derived from Maxwell's equations
using reflection symmetry that TV and T are even
functions of ¢ and U and Vv are odd functions. A
typica form of geophysical model functions, relat-
ing the brightness temperatures to the geophysical
surface parameters, expresses the Stokes parame-
ters in the Fourier series of the relative azimuth
angle ¢. Hence, expanded to the second harmonic
of ¢,

T, ~ Tyo +Ty  cos¢ + Ty cos2¢ 2
Th~Tho -t- Thy cos ¢ + Tha cos 2¢ (3)
U =~ Using+ Ussin2é (4)
V 2~ Vising + Vosin2¢ (5)

‘The coefficients of first harmonics account for the
up/downwind asymmetric surface features, while
those of second harmonics for the up/crosswind
asymmetry. All coefficients are functions of near
surface wind speed and other sea surface parame-
ters.

A typical approach for Stokes parameter mea-
surements is to carry out the power measure-
ments at vertical and horizontal polarizations and
four other polarizations, including 450-linear (E,),
—45°-linear (Em), left-hand-circular (E:), and
right-hand-circular (E:.). Specifically, the follow-
ing identities are used for measuring the third and
fourth Stokes parameters:

2Re(ErE]) = |Epl® — |Em|? (6)



Parameter Value

Frequency (GHz) 19.35 37
Antenna Beamwidth (degree) 39 6.3
Antenna Sidelobes (dB) -23 -33
Polarization V, H, 45( R*), -45( L*) V, H, 45°, -45°
Dicke Switch Rate (Hz) 125 125
Radiometer Bandwidth (MHZ2) 500 1200
Noise Diode Temperature (K) 103 78
System Noise Temp. (K) 550 620
Total System Noise Temp. for Scene’* (K) 803 898
RMS noise for 1.6 sec integration”* (K) 0.06 0.04
Absolute calibration (K) <4 <4
Aircraft Altitude*>* (Kft) 27, 31 27,31
Nomina Aircraft Ground Track Speed (Knot/h) _400__ . 1 400

Tablel

WINDRAD key parameters. e : Phase shifter set at 90 degrees phase shift. @ “: Assume 150 K background for 19
GHz and 200 K background for 37 G Hz. “-n: 27 Kft for 45 and 55 degree incidence and 31 Kft for 65° incidence

UM(ELE]) = |Eiwl® —|Ere) (1)
where

En + E,
Ep = '——\/-Qr—* 8
Em = DB ©

Y

E  Fy,
E. = = ;5 i3 (10)

En —iE,
E. = \/—2"—_' (11)

Recently, it has been demonstrated that al po-
larization measurements can be carried out using
a single antenna and a microwave switch network
to coherently combine the vertically and horizon-
tally polarized electric fields [5]. To detect £, anti
E,, polarization components requires the coherent
sum and difference of vertica and horizontal po-
larization field components. A microwave “Magic-
Tee” was used to perform the necessary coherent
operation over a 500 MHz bandwidth at 19 GHz
[5] and more than 1 GHz bandwidth for the new 37
GHz radiometer. A 90-degree phase-shifter added
in the path of vertical polarization channel lead-
ing from the antenna to the Magic-Tee alowed the
conversion of Ejpinto Ei.and Eminto Er.. By de-
noting the brightness temperature measurements
at these four polarizations asTp,Tm, TIC, and Tr.,
Uand V can be derived from these four brightness
measurements:

U = T,—Tn (12)
V = Te-Te. (13)

Hence, complex correlations of E, and £ can be
obtained by using power measurements.

1. POLARIMETRIC RADIOMETER

A dual-frequency polarimetric radiometer system
operating at 19 GHz (K band) and 37 GHz (Ka

band) breed on the measurement principle de-
scribed in the above section have been built, in-
stalled and used on the NASA DC-8 for ocean
wind measurements. This dual-frequency system
was an upgrade of the 19 GHz polarimetric ra
diometer used in the first WINDRAD experiment
in” November 1993 [5], which was found to be sta-
ble and easy for polarimetric calibration. A block
diagram of the 19-GHz radiometer can be found in
[5], and Table | gives the characteristics of both ra-
diometers. The new 37-GHz radiometer is similar
to the 19-GHz radiometer, except that there is no
90-degree phase shifter in the 37-GHz radiometer.
In the radiometers, a waveguide network is used to
switch between the verticad and horizontal polar-
ization channels from the scalar conical antenna
horn. The waveguide network aso combines the
vertically and horizontally polarized signas in a
“Magic Tee” to give T, and T;,,. This network was
calibrated and adjusted using a HP8510 network
analyzer to provide equal losses and path lengths
from the antenna to the Magic Tee.

Following the waveguide network, a conven-
tional Dicke switched Tuned Radio Frequency
(TRF) radiometer is used to measure the signal
power. The detected signals are digitized using a
12-bit A/D converter and the two radiometers are
controlled by a 486 personal computer. The syn-
chronous detection is done by the computer at a
125 Hz switch rate to eliminate gain variations.
A noise diode was used to measure the system
noise and for temperature calibration and was cal-
ibrated with ambient and liquid Nitrogen thermal
loads placed in front of the feedhorn.

IV. AIRCRAFT FLIGHT
EXPERIMENTS

In July and August 1994, a set of aircraft flights
were carried out with the dual-frequency polari-
metric radiometer system, which was mounted on
the NASA DC-8. Circle flights were performed
over the National Data Buoy Center (NDBC)



moored buoys deployed off the northern Califor-
nia coast, which provided ocean wind speed and
direction measurements. The K- and Ka-band an-
tenna horns were fixed mounted on the DC-8 win-
dows a an angle of 80 degrees from nadir. To
measure the data at 45°, 55°, and 65° incidence
angles, the DC-8 was banked at 35°, 25°, and 15°,
respectively. At each bank angle, DC-8 performed
circle flights, allowing the radiometers to acquire
data from all azimuth angles with respect to the
surface wind direction. The data have been cor-
rected for the small changes in the aircraft bank
angles during the circles using the measurements
from wing-wagging flights with the aircraft roll an-
gle quickly varied within £40°. Aircraft altitude
for the circle flights at 25 and 35 degree bank an-
gles was about 27K feet and was about 31K feet
for the 15 degree bank. The flight altitude was
chosen so that the location of antenna footprint
would be close to the center of the circles, while
DC-8 performing circle flights. This ensured that
the data were collected over nearly the same area,
hence reducing the uncertainty due to potential
spatial surface variations.

Figures 2 to 4 illustrate a set of Stokes param-
eter measurements versus azimuth angles at the
nomina incidence angles of 45°, 55°, and 65°, the
37 GHz T,and T4 data were offset so that they
would be near the values of the 19 GHz data for
ease of visual comparison. There was a clear sky
over the buoy, and the wind was 9 m/s measured
by the buoy at 5 meter height, which can be trans-
lated into 10 m/s a 20 m elevation. There were
a few Kelvin wind direction signals in al Stokes
parameters, and the wind direction signatures at
the incidence angles of 45° and 55° agree well with
the data collected in the first WINDRAD experi-
ment [5]: T, data peaked at the upwind direction,
while Th reached a minimum; U data displayed
an odd symmetry, whereas T, and Th data had
even symmetry. However, the 7, data obtained
at 65° incidence angle had a small dip at the up.
wind direction, unlike the 45° and 55° incidence
data. The dip at the upwind direction means that
the second harmonic coefficient of T, is negative
a this angle, while those of 45° and 55° incidence
angles are positive.

The K- and Ka-band data plotted in Figures 2
to 4 can be used to evaluate the frequency sensi-
tivity of the wind direction signals. It was noted
that the azimuth modulations of the data acquired
a these two frequencies aimost overlap with each
other, suggesting that the wind direction signals in
all Stokes parameters have a weak frequency de-
pendence in the frequency range of 19 to 37 GHaz.
This was observed in al data collected through-
out the flight experiments. This could be due to
the nature of sea surfaces, which are known to
have a wavenumber spectrum closely following a
power law, and are thus nearly self-similar at var-
ious scales like a fractal surface. Hence, athough

19 and 37GHz thermal emissions interact with
different parts of the spectrum according to Bragg
scattering, the length scales of surface dominat-
ing the scattering normalized by the electromag-
netic wavelength, would appear similar at these
two frequencies. This weak frequency dependence
implies that 19 and 37 GHz radiometers would
provide similar accuracies for the wind direction
measurement under clear sky condition. We do,
however, expect that 19 GHz channel would be
less sensitive to atmospheric effects than 37 GHz
chanrnel, while 37 GHz spaceborne radiometer typ-
ically would give a better spatial resolution than
19 GHz radiometers for the same antenna size,

Immediately following the set of circle flights,
which acquired the first three Stokes parameter
data illustrated in Figures 2 to 4, another set was
repeated to acquire the fourth Stokes parameter
data, which had never been measured before for
ocean remote sensing. This was designed to find
out whether there were any wind direction signals
in the fourth Stokes parameter, V, of sea surface
emission. The phase shifter in the K-band ra-
diometer was set to 90 degrees, enabling simul-
taneous T, T,, and V measurements. (Note that
our 37 GHz channel did not have the 90-degree
phase shifter, and hence could not measure the
fourth Stokes parameter.) Figure 5 illustrates the
wind direction signals in V. It was found that the
azimuthal modulation of Vis smaller than that of
U measured in the first set of circle flights. The
fourth Stokes parameter also has an odd symmetry |,
just like the third Stokes parameter. This data set
represents the first empirical measurements of the
fourth Stokes parameter of sea surface brightness
temperatures.

V. SUMMARY

A set of successful dual-frequency airborne ra-
diometer flights were carried out to investigate the
wind direction sensitivity of the Stokes parameters
of microwave emissions from sea surfaces. The
aircraft was banked at three different angles to
acquire the data in the incidence angle range of
45° to 65". There were as large as a few Kelvin
signals observed in all Stokes parameters. Prelim-
inary assessment of the frequency sensitivity, in-
cidence angle dependence, and wind speed depen-
dence was performed. It was found that the wind
direction signals have a broad frequency spectrum
from 19 to 37 GHz. The up and downwind asym-
metry of sea surface brightness had a small in-
creasing trend versus incidence angle, while the
up and crosswind asymmetry may have a dramatic
variation with incidence angle. The observed mag-
nitudes of azimuthal wind direction signals in T,
and 7}, though weak compared with the direction-
independent terms (Tvo and Tho), are easily mea-
surable with present microwave radiometers. In
addition, the third and fourth Stokes parameters,
U and V, which have an odd symmetry with re-



spect to the wind direction, hence free of the zero
harmonic term, are also measurable with a sin-
gle antenna plus microwave switch network design.
The results indicate that spaceborne passive mi-
crowave radiometers have a strong potential for
ocean wind remote sensing.

However, further flight experiments are required
to gather data at low wind (3 to 3 m/s) and high
wind (above 15 m/s) to allow a more complete
evaluation of the wind speed dependence of wind
direction signals in sea surface brightness temper-
atures. The effects of other environmental vari-
ables, including air and sea surface temperatures
(SST), significant wave height, and atmospheric
water content, also need to be investigated. The
permittivity of sea surfaces is a function of SST,
meaning that a change of SST will lead to a change
of surface emissivity and the magnitudes of all har-
monic coefficients. In addition, the air and sea
surface temperature difference affects the stability
of surfaces and the onset of breaking waves. The
whitecaps caused by bresking waves are known to
be a significant microwave radiation source. The
large scale waves and swells would affect the loca
incidence angle and the friction velocity or wind
stress of sea surfaces, which directly influences the
magnitude of short-scale wind waves and there-
fore the modulation of microwave emission from
sea surfaces. Atmospheric liquid water and water
vapor in addition to other constituents, will atten-
uate the microwave emission from the surface, and
the atmospheric downwelling reflection from the
surface has a negative effect on the wind direction
signals in the surface emission. The effects of these
variables need to be quantified to understand the
limitation of passive microwave radiometry and to
develop techniques applicable to reduce these ef-
fects for ocean wind remote sensing.

ACKNOWLEDGMENTS

This work was performed under contract with the
National Aeronautics and Space Administration
at the Jet Propulsion Laboratory, California In-
stitute of Technology. The authors would like
to thank David Orozco, David Huynh, and Paul
Batelaan, of JPL for their technical help, and John
Reller, Christi Scofield, Chris Miller and the DC-
8 aircraft flight crew of the NASA Ames Research
Center for assistance in arcraft flight planning and
experiments.

REFERENCES

(1] Hollinger, J. P, J. L. Peirce, and G. A. Poe,
“SSM/I Instrument Evaluation,” IEEE Trans.
Geosci. Remote Sensing, Vol. 28, No, 5, 781-790,
Sept, 1990.

[2] Etkin, V. S, M.D. Raev, M.G.Bulatov, Yu.A.
Militsky, A.V. Smirnov, V.Yu. Raizer, Yu.A.
Trokhimovsky, V.G.Irisov, A.V.Kuzmin, K.Ts.
Litovchenko, E.A. Bespalova, E.I. Skvortsov,
M.N. Pospelov, and A.l Smirnov, Radiohy-
drophysical Aerospace Research of Ocean, Report

(3

4

(9]

(6]

(9

(10]

(11]

(12]

p-1749, Academy of Sciences, Space Research
Ingtitute, Moscow, USSR, 1991.

Wentz, F. J., ‘Measurement of oceanic wind vec-
tor using satellite mictowave radiometers,” [EEE
Trans. Geosci. Remote Sensing, Vol. 30, No. 5,
960-972, Sep., 1992.

Dzura, M. S., V. S Etkin, A. S. Khrupin, M.
N. Pospelov, and M. D. Raev, “Radiometers-
Polarimeters: principles of design and appli-
cations for sea surface microwave emission po-
larimetry,” Proceedings of International Geo-
science and Remote Sensing Symposium, Hous-
ton, 1992,

Yueh, S. H.,, W. J. Wilson, F. K. Li, W. B. Rick-
etts, and S. V.Nghiem, “Polarimetric measure-
ments of sea surface brightness temperatures us-
ing an aircraft K-band radiometer,” IEEE Trans.
Geoscience and Remote Sensing, Vol. 33, No.l,
85-9'2, 1995.

Yueh, S. H.,, R. Kwok, F. K. Li, S. V. Nghiem,
W. J. Wilson, and J. A. Kong, ‘Polarimetric pas-
sive remote sensing of ocean wind vector, ” Radio
Science, 799-814, July-August, 1994.

Yueh, S. H., R. Kwok, F. K. Li, S. V.Nghiem,
W. J. Wilson, and J. A. Kong, “Polarimet-
ric passive remote sensing of wind-generated sea
surfaces and ocean wind vectors, ” Proceedings
of Ocean symposium, Vol. 1, 31-36, Victoria,
British Columbia, Canada, October 1993.

Yueh, S. H,, S. V. Nghiem, and R. Kwok, “Com-
parison of a polarimetric scattering and emis-
sion model with ocean backscatter and bright-
ness temperatures,” Proceedings of International
Geoscience and Remote Sensing symposium,
Pasadena, 1994.

Yueh, S. H.,, R. Kwok, and S. V. Nghiem, “Po-
larimetric scattering and emission properties of
targets with reflection symmetry,” Radio Science,
Vol. 29, No. 6, 1409-1420, November-December,
1994

Kraus, John D., Radio Astronomy, 2nd. cd.,
1986, Cygnus-Quasar Books, Powell, Ohio.

Hollinger, J. P., ‘Passive microwave measure-
ments of sea surface roughness,” |EEE Trans.
Geosci. Electronics, Vol. GE-9, No. 3, 165-169,
July 1971.

Yueh, S. H., and R. Kwok, “Electromagnetic fluc-
tuations for anisotropic media and the general-
ized Kirchhoft 's law, ” Radio Science, Volume 28,
No. 4, pp. 471-480, July-August 1993.




