Polarimetric Modelling of Ocean Backscatter and Brightness Temperatures

Simon H. Yueh
Jet Propulsion Laboratory, MS 300-235

California
4800 Oak Grove Drive,
Tel:

Institute of Technology
Pasadena, CA 91109, USA
818-354-3012, Fax: 818-393-5285

E-mail: simon@stokes2.jpl.nasa.gov

Abstract ‘There has been an increasing interest in
the applications of polarimetric microwave radiometers
for ocean wind remote sensing. Aircraft and spaceborne
radiometers have found a few Kelvins wind direction
signals in sea surface brightness temperatures, in addi-
tion to their sensitivities on wind speeds. However, it
was not clear what physical scattering mechaunisms pro-
duced the observed brightness dependence on wind di-
rection. To this end, polarimetric microwave emissions
from wind-generated sea surfaces are investigated with
apolarimetric two-scale scattering model, which relates
the directiona wind-wave spectrum to passive microwave
signatures of sea surfaces. Theoretical azimutha modu-
lations are found to agree well with the Jet Propulsion
Laboratory (JPL) Wind Radiometer (WINDRAD) obser-
vations of al Stokes parameters for a large range of wind
speeds. This theoretical interpretation suggests the use
of polarimetric brightness temperatures for retrieving the
directional wave spectrum of short gravity and capillary
waves. The polarimetric backscattering coefficients of sea
surfaces are also explored using this scattering model with
results in reasonable agreement with airborne and satellite
scatterometer measurements and the symmetric relations
expected for reflection-symmetric surfaces.

. INTRODUCTION

‘There has been an increasing interestin the application
of polarimetric microwave radiometers for ocean wind ve-
locity (speed and direction) measurements. Early exper-
imental results, such as those published in [1, 2], have
shown the correlation of sea surface brightness tempera-
tures with the near surface wind speed. Theoretical in-
vestigations by [3, 4] have determined that a two-scale
scattering model could interpret reasonably well the wind
speed sensitivity of vertically and horizontally polarized
brightness temperatures (7, and 7). In addition to
wind speed sensitivity, microwave sea surface radiation
has been shown by recent aircraft and spacecraft radiome-
ter observations to have a few Kelvin directiona signals
[5, 6,7, 8, 9]. A re-examination of theoretical scattering
models is therefore required to shed light on the physics
behind the observed wind direction signatures.

Ocean wind roughens surfaces in the form of gravity and
capillary waves, breaking waves and foam. The scatter-
ing effects of large-scale waves have beenmodeled by the
geometric optics (GO) scattering theory [10, 1 1]. InGO

models, the large-scale waves are modeled by tilting sur-
face facets, and the scattering coefticients are proportional
to the munber of surface facets with a tilting angle satis-
fying the specular reflection condition. Stogryn [10] used
Cox and Munk’s slope distribution of sea surfaces [12] and
studied the sensitivity of brightness temperatures to wind
speed. However, Hollinger's tower measurements [1] per-
formed at 1, 8 and 19 GHz showed that the GO model
falled to account for the observational frequency depen-
dence and significantly underestimated the wind speed de-
pendence of the horizontally polarized radiation at small
incidence angles. With the Bragg scattering mechanism
taken into consideration, the two-scale scattering theory
[13] was extended by Wu and Fung [3] and Wentz [4] to
interpret the brightness temperatures of sea surfaces. In
the two-scale scattering model, the Bragg scattering by
small-scale waves contributes to bistatic incoherent scat-
tering and modifies the coherent reflection coefficients of
large-scale waves. As compared with the geometric op-
tics model, the two-scale theory more accurately modeled
the dependence of brightness temperatures on incidence
angles and wind velocities [3, 4].

However, the contributions of short and long waves to
the wind direction signals in passive microwave radiome-
tet measurements [5, 6, 7, 8, 9] have not yet been thor-
oughly investigated. In Wu and Fung’s [3] and Wentz’s
[4] models, the surface spectrum of short waves was as-
sumned to be isotropic and the Bragg scattering theory for
isotropic surfaces was used. Consequently, no directional
dependence was predicted by their theoretical models.
I contrast, Stogryn’s GO model using Cox and Munk’s
slope distribution, althoughin poor agreement with the
wind speed sensitivity of sea surface brightness tempera-
tures, did predict an azimuthal brightuess variation of a
few Kelvins. The eflects of Bragg scattering by anisotropic
short-gravity and capillary waves on all Stokes parameters
[15] were not studied until recently [16] and the theoreti-
cal results appeared to agree with the measurements made
at near normal incidence angles [6]. Addition ally, Irisov
et al. [17] evaluated the difference between upwind and
crosswind observations of brightnesstemperatures using a
two-scale model based on the theory of critical phenomena
and Cox and Munk’s slope distribution, and they showed
thatthe contribution from capillary waves was much more
significant than that from long waves at the frequencies of
19 and 37 GHz at normal incidence angle and that taking
into account al scat tering mechanisims was necessary at



the incidence angle of 78°. However, Irisov et al.’s analy-
sis was limited to the upwind and crosswind asymmetry of
T, and Ty, with 110 results simmulated for the other Stokes
parameters, and they did not provide predictions for the
range of incidence angles from 30° to 70°, where signif-
icant changes of upwind and downwind asymmetry were
observed in [7, 8, 9.

The purpose of this paper is to examine the applicabil-
ity of a two-scale model [18, 19] to the wind direction sig-
nals in polarimetric sea surface brightness temperatures.
This model was a generalization of Durden and Vesecky’s
scattering model [20] to polarimetric microwave emission,
extending the previous two-scale models [3, 4] to surfaces
with an anisotropic directional spectrum and providing
theoretical predictions for al four Stokes parameters of
sea surface brightness temperatures. This allows us to
examine the relative significance of geometric tilting ef-
fects of long waves, Bragg scattering by short waves, the
excess emission from sea foarn and the modulation of
short waves by long waves (hydrodynamic modulation)
[20, 21,22,23, 24].

In Section | 1., the theory of polarimetric radiometry is
summarized. Section Ill. presents a two-scale model for
thermal emission from anisotropic wind waves and foam.
Section 1V. presents comparison of theoretical results and
existing microwave brightness temperatures of sea sur-
faces. Section V. summarizes the results of this paper
and discusses the issues for further investigation.

II. POLARIMETRIC RADIOMETRY

The electromagnetic waves emitted from natural media
due to random therma motion of electric charges are
in general partially polarized. To fully characterize the
polarization state of partially polarized thermal radia-
tion, four parameters I, Q, U, and V were introduced by
Sir George Stokes. Because conventional radiometers for
earth remote sensing perform T, and 7x measurements,
an aternate representation of the Stokes vector uses four
parameters, T,,Tx,U, and V ,
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T.and T}, are the brightness temperatures of vertical aud
horizontal polarizations, while U and V characterize the
correlation between these two orthogonal polarizations.
Note that 1(=T, + T}, ) represents the total radiated en-
ergy and Q{=T, — T}) the polarization balance.Eq. (1)
defines the Stokes parameters in terms of the horizontally
and vertically polarized components of electric fields (£
and E,). The polarization vectors are related to the direc-
tion of propagation aud are definedin [16]. The angular
brackets denote the ensemnble average of the argument,
and r is acoustant relating the brightuess temperature to
the electric energy density [15, 25].

Recent interests in the applications of polarimetric ra-
diometry for remote sensing were motivated by the the-
oretical work [15, 26]. Ground-based experiments were

carried out to investigate the Stokes parameters of ther-
mal emission from periodic soil surfaces at X-band [27]
and frow sinusoidal water surfaces a Ku band [28], a X
band [29],andat94-GHz [1 1]. The surface profiles stud-
ied in these experiments were one-dimensional with an
rms height of & few centimeters, much rougher than the
capillary waves in the open oceans. Hence, the measured
brightness temperatures had an azimuthal variation of as
large as 20 Kelvins, significantly larger than the measure-
ments from ocean surfaces [5, 7, 8] and the theoretical pre-
dictions [18, 30]. However, these studies clearly show that
the Stokes parameters of microwave radiation from sur-
faces with preferential directional features are functions
of azimuthal viewing angles.

For wind-generated sea surfaces, the surface spectrum is
symmetric with respect to the wind direction (¢,.) or the
surfaces are statistically reflection symmetric with respect
to ¢, [31], if the effects of swell can be ignored. Denoting
the azimuthal observation angle of radiometer look direc-
tion by ¢, and the relative azimuth angle by ¢ = ¢, — ¢,
Yueh et al. [31] derived from Maxwell’s equations that T,
and 7% are even functions of ¢ and that U and V are odd
functions for reflection-symmetric surfaces.

The even and odd symmetry properties allow us to ex-
pand the Stokes parameters in either cosine or sine series
of the azimuth angle ¢. Hence, expanded to the second
harmonic of ¢,

T, ~ Tw+Tycos¢+ Tucos2¢ (2)
Ty =~ Tho+ Thcose+ Thacos2¢ (3)
U ~U; sill@+ U, sin 2¢ 4
V =~ Vising+ Vasin2¢ (5)

The first harmonics account for the upwind and down-
wind asymmetric surface features, while the second har-
monics for the upwind and crosswind asymmetry. The
coeflicients of these Fourier series are functions of oceanic.
atmospheric, and some instrument parameters, includ-
ing near surface wind velocity, swell, salinity, air and
sea surface temperatures, incidence angle, polarization
and frequency. The dominant geophysical parameter is
the surface wind velocity according to the past experi-
ence of ocean backscatter mneasurements. However, other
variables which may influence the wind stress or fric-
tion velocity, could become significant at low to moderate
wind s~Xx’eels. Understanding the relation of these har-
monic coeflicients with geophysical parameters is crucial
to the inversion of geophysical parameters using polari-
metric brightness temperatures.

111. POLARIMETRIC 2-SCALE SEA
SURFACE EMISSION MODEL

Two-scale sea surface models approximate the sea surface
as atwo-scale surface with small-scale ripples or capil-
lary wavesriding on the top of large-scale surfaces. With
this approximation, the total thermal emission from the
surface is the sum of emissions from individual, slightly
pert urbed surface pat ches tilted by the underlying large-
scale surface. Although two-scale models have demon-
stratedreasonable numerical accuracy [3,4, 17, 20, 22],
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Figure 1. Two and T as functions of incidence angles for several wind speeds calculated from the two-scale model at 19.35 and
37 GHz frequencies. Tvo and Tho from Wentz's SSM/I geophysical model function [7] are included for comparison. 7, =12° C.

the two-scale theory remains an approximate numerical
model for ocean surface scattering and emission. ‘I’he ac-
curacy of two-scale models relies on the accuracies of two
modelling components. the sea surface model and elec-
tromagnetic scattering theories. A typical mathematical
representation of gravity and capillary waves is the sea
surface spectrum, which remains an important area for
research [32], particularly the wavenumber spectrum of
capillary waves. Furthermore, mathematical models of
breaking waves and foam were not yet adequate for fully
polarimetric scattering modelling. The electromagnetic
modelling portion of two-scale models was aso heuristic
in many areas. Hence, though it is shown in the follow-
ing sections that the two-scale model appears to provide
reasonable comparison with experimental data, more rig-
orous theories will definitely benefit the study of air-sea
interaction processes using polarimetric radiometer data.

In the two-scale model, the Stokes vector of the thermal
emission from a local surface patch is represented by I.
10 account for the radiation from sea foam, I, is written
as tbe sum of two terms, including the Stokes vector of the
emission from foam-free, wind-roughened srnall-scale sea
surfaces and that from the surface patches with 100 per-
cent foam coverage, denoted by I, and I,¢, respectively.
Hence,

Ig = (1 — F)les + Frlyy (6)

with F) representing the areal percentage coverage of sea
foamn over sea surfaces. F, is known to be a function
of surface wind velocities as well as air and sea surface

temperatures, and is calculated using the empirical sea
foam fractional coverage agorithm [33], a least square fit
of experimental observations.

The Stokes vector of the two-scale surface is written as
the average of I, over the dope distribution of large scale
surfaces, denoted by P(S,,S,). In addition to changing
the local incidence and azimuth angles, the tilting angles
of large scale surfaces affect the area of surface patch pro-
jected aong the line of sight, meaning that the emission
from small scale surfaces has to be further weighted by
the solid angle of the large-scale surface viewed by the
radiometer [34, 35]. This results in the weighting factor
(1 -S: tan 6) for the Stokes vector observed at the inci-
dence angle # and azimuth angle ¢, and the derivation of
the following eguation is similar to that shown in [34].

20 cot @
‘ :/ ds;/ dS! Iy(1- S’ tan 8) P(S,,S,) (7)
S -0 -

where
s, :S;cosqb—S; sll@
Sy =8, sn@+ S, cos¢ (8)

I n the above equations, S; and S, represent the sur-
face slopesinz (upwind) and y (crosswind) directions,
while S and S/ represent the surface slopes along and
across the radiometer azimuth observation direct ion, re-
spectively. Integration over S! has to be limited to cot
to account for the shadowing by large-scale surfaces.



For the results presented in this paper, the integral for
I, was carried out numerically with the integration limits
of S; and Sy truncated at 5 timesof the rms upwindand
crosswind slopes (S, and SC), respectively, which were
calculated from Egs. (11) and (12). The integrand Iy
required the numerical calculations of I,,and],
involved two double integrals, while I,y was calciifated
with an empirical formula [37] and did not require numer-
ica integration. Hence, the numerical results for I, were
obtained from the numerical integration of a quadruple
integral.

Inthe following subsections, we describe the empirical
surface spectrum used for the two-scale model and the
formulas used to calculate the Stokes vectors of foam-free,
small-scale sea surfaces and sea foam.

A. Sea surface model

In two-scale models, the surface spectra of large-scale
waves and small-scale waves, denoted by W; and W, re-
spectively, are related to the sea surface spectrum W by

W(K o) if K < ka

Wi(K, ¢x) otherwise ©)
if K <k
W (K, $x) = { W(K ) otherW|sg (lo)

where k4 is the two-scale cutoff. The slope distribution
function P(S.,S,) of large-scale waves is assumed to be
zero-mean Gaussian with the upwind and crosswind slope
variances, SZand S2, which are calculated from all surface
spectral components with a wavenumber less than kq,

o0 2n
sz = / dK dpp K3 cos® ¢ Wi (K, ¢i) (11)
0
27:
§ = / aK [ dpuK? s GuWilK, ) (12)
0 0

S, and SC are the rms upwind and crosswind surface
slopes.

It is known that the hydrodynamic modulation makes
the short waves more concentrated on the leeward faces of
large-scale waves [21]. This phenomenon is evident in Fig.
6 of the paper [22], and has been employed to interpret
the difference between upwind and downwind sea surface
backscattering cross sections [20, 22, 23, 24]. The hydro-
dynamic modulation was typically modelled by modulat-
ing the spectrum of small-scale waves with a parameter h
based on the slope of large-scale waves [20, 22, 24].

W, (K, ¢k, s.) = hWL(K, éx) (13

Specificaly, the parameter h was assumed to take the fol-
lowing form in this paper:

1 - 0.5sgn(S;)
{ 1-04S5;/S.

if |S,/S,] >1.25

h= if S, /Su|< 1.25

(14)

where sgn(S;) = 1 if S, is positive and sgn(S,) = -1
if S; is negative. Consequently, the ripples on the lee-
ward faces of long waves are enhanced and those on the

windward side are depressed. This functional form is con-
sistent with the description of hydrodynamic modulation
by Reece [21] and is similar to the modulation models
assurned in [20, 22, 24] for sea surface backs cat, ter. The
magnitude of modulation h is larger than that assumed in
[20], but smaller than that assumed in [24]. Note that it
might appear that this modulation model is stronger than
that shown in Eq. (20) in [22]. However, the surface spec-
trum model assumed in [22] had an additional modulation
term described by Eq. (12) in [22], which produced an ex-
traupwind and downwind asymmetry in the wavenumber
spectrum. Hence, the magnitude of h appeared to be con-
sistent with the modulation models assumed in previous
ocean backscattering models.

B.Emission from Small-scale Waves

To extend two-scale models [3, 4] to anisotropic Sea sur-
faces, the second-order perturbation solution of Bragg
scattering from small-scale, anisotropic surfaces [16] is
used to calculate I,s. The energy conservation condition,
crucial for calculating the brightness temperature using
the Kirchhoff’s law [36], was verified with the numerical
Monte Carlo simulations of rough surface scattering [16].
The Stokes emission vector I,, in the earth coordinate
is related to that denoted by I, in the local surface coor-
dinate by the coordinate rotation shown in Appendix A.
By using a polarimetric Kirchhoff’s law [25, 26], I, is re-
lated to the reflectivity vector (1, ) of the small-scale sea
surface by
1
I;s =T( (1)

- Ir) (15)

0
where 75 is the surface temperature.
Based on the second order solution of scattering from
slightly perturbed rough surfaces [16], I, is the sum of two
terms, I.. and I.;:

Ir:Irc + Iri (16)
I..; represents the incoherent surface reflectivity, and is
calculated by integrating incoherent polarunemcblqtamc
scattering coefficients 'yaﬂw,((),,@, bi,¢;) over all inci-

dence angles in the upper hemisphere. The coherent re-
flectivity I,.. accounts for the specular reflectivity with
corrections by the second order scattered fields. The de-
tailed expressions of I,; and I, are given in [16].

C. Emission from foam
Although foam typically covers only afew percent of sea
surfaces, increasing foam coverage on the sea surface can
substantially increase the sea surface emissivity [37, 38].
Previous theoretical foam scattering models, athough
haviug offered physical insight into the excess brightness
temperature contribution by sea foam, arc not, yet, ac-
curate ecnoughto predict the polarization properties and
incidence angle dependence of microwave emission from
foau. Further research on the polarization signatures of
foam is imperative.

Due to the lack of a rigorous t heoretical scattering
model for foam, Stogryn’s empirical emissivity model of
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Figure 2. Comparison of measured first and second harmonic coefficients with 2-scale model predictions at 19,35 GHz and 55°
incidence angle. k; =150 1/m and 7, = 12° C. Model values from Wentz's SSM /I geophysical model function [7] are included

for comparison. T, = 12° C.

sea foam [37] is used to calculate the emissivities of ver-
tica and horizontal polarizations in the local surface co-
ordinate. The Stokes vector in the local surface coordi-
nate is then transformed to I,y in the earth surface coor-
dinate using the coordinate transformation described in
Appendix A.

IV. COMPARISON WITH EXPERIMENTAL
DATA

In this section, the wind direction signals in microwave
brightness temperatures of sea surfaces acquired by the
JPL aircraft WINDRAD flights over alargerange of wind
speeds [8, 9, 45] are interpreted using the two-scale model
described in the previous section.

Model inputs required for theoretical calculations in-
clude the surface spectrum W and the sea surface per-
mittivity. The empirical surface spectrum W proposed try
Durden and Vesecky [20] yas Used for model calculation.
(Because some typographical errors are found in their pa-
per, the correct expressions of Durden and and Vesccky 'S
spectrum can be found in Appendix B.) Klein and Swift's
dielect ric model [39] is used to calculate the sea surface
dielectric constant with an assumed water sainity of 35
parts per thousand and surface temperatures measured
by buoys.

Figure 1 illustrates theoretical Tvo and Tho versus inci-
dence angles for four wind speeds: 3, 7, 11, and 15 m-s~!.
Thesea surface temperature of 12°C was assumed for the-
oretical calculations. Wentz's SSM/I geophysical model
function [7] was evaluated at the same wind speeds and
the same sea surface temperature. There were some dif-
ferences between the absolute values of theoretical and
SSM/I model predictions. It had been pointed out in
[7, 40] that Klein and Swift's dielectric model [39], which
was constructed with data acquired at less than 10 GHz,
needed to be adjusted if applied to frequencies above 10
GHz. Since Wentz [7, 40] had tuned Klein and Swift's
dielectric model to obtain the SSM/I model, part of the
difference between Wentz’s SSM/I model and the two-
scale model simulations could be attributed to the differ-
ence of dielectric models. The other cause of difference
is the model for sea foam emission. While Stogryn’s sea
foam emission model [37] used in the two-scale model was
expected to be reasonable, it should not be expected to
be in absolute agreement with the SSM/I observations.
However, the difference was not expected to have asignif-
icant impact onthe wind speed sengitivities of theoretical
Two and Tho, and it was shown in Figure 1 that there
was a reasonable agreement between the two-scale theory
and Went z’s SSM/I geophysical model for the wind speed
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Figure 3. Comparison of measured first and second harmonic coefficients with 2-scale model predictions at 37 GHz and 55°
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sensitivities Of 70 aud Tho- Theoretical wind speed sen-
sitivities of Tw0 are postive at low incidence angles and
negative at incidence angles larger than 60°, just like the
experimental data reported in [1, 2] and the theoretical
results [4]. Theoretical 19 GHz T, has N0 wind speed
sensitivity at about 55°, while the zero wind speed sen-
sitivity for theoretical 37 GHzZwo occurs at a smaller
incidence angle of about 50°. This is because the dielec-
tric constant of sea surfaces at 37 GHz is smaller that at
19 GHz. A smaller dielectric constant leads to a smaller
Brewster angle for 37 GHz and consequently, a smaller
incidence angle where the wind speed sensitivity of Two
makes a transition from positive to negative numbers.
Note that although the wind speed sensitivity of Zwoin
Wentz’s SSM /1 geophysical model is small, it remains pos-
itive at 37 GHz and is inconsistent with the small negative
sensitivity from the model a 53° incidence angle. How-
ever, Hollinger's 19 GHz data [1] showed that there is
no wind speed sensitivity at about 60° incidence angles,
while the T, data from Sasaki et a. [2] showed a zero
crossing at about 55°. This suggests that the wind speed
sensitivities of Tvo in the range of incidence angles from
50° to 60° could be sensitive to other surface parameters,
for example, the seca surface dielectric constant as well as
the arcal coverage and brightness properties of sea foam.
Further refinements of these model inputs could be neces-

sary to achieve a better accuracy for 7T,g veween 50° and
60° incidence angles. Unlike the vertical polarization, Tho
increases With increasing wind speeds at al incidence an-
gles, and theoreticad Thohas a dightly larger wind speed
sensitivity at higher incidence angles. This agrees with
the experimental observations of the wind speed sensitiv-
ity of Tho [1, 2].

Figures 2 and 3 plot the first and second harmonic co-
efficients of all Stokes parameters acquired from the JPL
WINDRAD flights from 1994 to 1996 [45] as a function
of wind speed at 55° incidence angle. To avoid the effects
of clouds, we only include the WINDRAD data acquired
from flights with clear skies and thin clouds. It can be
secu that the theoretical harmonic coefticients agree rea-
sonably well with the JPL WINDRAD data acquired from
1994 to 1996 over a large range of wind speeds. This sug-
gests that the scattering mechanisms dominating the di-
rectional signatures of sea surface brightness temperatures
have been considered in the two-scale scattering model. A
sensitivity study has been conducted andshows that the
dominant scattering mechanism isthe Bragg scattering
by short-gravity and capillary waves.

In Figures 2 and 3, both data and theory show that the
direction signal in7) is dominated by the first harmonic,
while that of T} is dominated by the second harmonic at

near 55° incidence angle. The combined effects of hydro-



dynamic modulat ion and Brewstor angle [44] have been
cmployed to explain these signatures.

Figures 2 and 3 also include Wentz's SSM/E T, and Ty,
model coeflicients at 53° incidence angle [7] for compari-
on with thetheory and JPL WINDRAD data. There is
a reasonable agreement for Ty 1, Ty2, and Tha- However,
the direction signals predicted by Wentz’s SSM/I model
remain quite significant at low wind speeds (<5 Insl)
while WINDRAD data and theory show a much weaker
signal. In addition, Tht from Wentz’s SSM/I model is
very different from the WINDRAD data and theoretical
predictions. It is not yet clear what causes these discrep-
ancies.

As an independent check of the theoretical model, a
polarimetric two-scale scattering model was constructed
based on the approach described in previous section
with the Stokes emission vector replaced by polarimet-
ric backscattering coefficients [43]. In addition, the the-
oretical model can aso provide estimates of polarimetric
backscattering coefficients of sea surfaces, which have not
yet been collected at frequencies above 10 GHz.

As noted in [31], the conventional backscattering coef-
ficients Oah,0,,,%hv, and Ovh- and the correlations be-
tween two co-polarized or two cross-polarized responses
are even functions of ¢:

orn(0,—¢) = onn(6,9) (17)
Uvu(01 _¢) - avv(97¢) (18)
Ohhoy(0, ~8) = Ohrnve(b,9) (19)
Orho(0,—¢) = on(0,¢) (20)
own(8,~¢) = ouw(0,9) (21)
ahvvh(aa _¢) Ohvvh (91¢) (22)

while the correlations between co- and cross-polarized
backscatters are odd functions:

Ohnno(8, —¢) = —onnno(8, @) (23)
Onhoh (0, —¢) = —Ornun(f, @) (24)
Thvvv(0, —¢) = —Ohvue(b, @) (25)
Tyvhv (8, —-¢) = —Ouhuy (0, ) (26)

where 8 and ¢ represent the incidence and azimuth angles
of the radar observation directions. The above equations
show that the backscattering coefficients @nn and oy, are
even functions of the azimuth angle ¢. This has been
well known in the microwave backscattering coefficients
of wind-generated sea surfaces, which are symmetric with
respect to the wind direction. For example, the SASS
geophysical model function [Wentz et al., 1984], empir-
ically relating the ocean wind vectors to the microwave
backscattering coefficient do(orror o, ,) by a cosine se-
ries, which is an even function of the azimuth angle ¢.
Figures 4(a) and (b) illustrates o, and onn, calculated
using the SASS geophysical model function, as a function
of ¢ for the wind speed of 11.5 In/s. The plots aso in-
elude the backscatters measured by NUSCAT during the
Surface Wave Dynamics Experiment (SWADE) in 1991
[42]. A s shown, owa and o,, are symmetric functions
of ¢. To study the symmetry properties of the other

polarimetric backscattering coeflicients, also included in
Figure 4 are t he ¢ heoretical polarimet vie backscat tering
coeflicients.  Figures 4(d) and (¢) reveala 180 degrees
phase change in pgp, ko and pg 0 at the upwind (¢ = 0°)
and downwind ( 180°) directions, indicating that theoreti-
cal correlations between co- and cross- polarized responses
from sea surfaces have an odd symmetry. This anti-
symiuetric feature could potentialy reduce the number of
ambiguities for ocean wind direction measurements with
polarimetric scatterometers.

V. SUMMARY

The wind direction signals in the brightness temperatures
of sea surfaces are analyzed and examined using a two-
scale scattering model. This model accounts for the tilting
effects of large-scale waves, the anisotropic wavenumber
spectrum of short waves, hydrodynamic modulation char-
acterizing the modulation of short waves by long waves
and the excess microwave emission from sea foam. Model
simulations are found to agree reasonably well with the
experimental data from 0° to 65° incidence angles at 19
and 37 GHaz.

Contributions of the Bragg scattering by short waves
and geometric tilting effects by long waves are examined.
It is found that the Bragg scattering mechanism is the
dominant scattering source of the wind direction signals
in the two-scale model.

In the two-scale model investigated in this paper, the
upwind and downwind asymmetry of brightness temper-
atures is modeled by the hydrodynamic modulations of
short waves by long waves. Although the wind speed de-
pendence of the first harmonic coefticients of the Stokes
parameters seems to agree with the experimental data,
several improvements to the theoretica modeling of po-
larimetric sea surface brightness temperatures appear nec-
essary. The most likely model components for improve-
ment include the hydrodynamic modulation model of
wind-wave interactions and the brightness temperature
model of sea foam. It is likely that the hydrodynamic
model described by Eq. (14) is too simplistic for sea sur-
faces and that the spatia distribution of short waves on
the faces of long waves may aso be a function of wind
speed. The second camponent for improvement is the sea
foam emission model. The empirical emission model by
Stogryn [37] didnot characterize the potential dependence
of sea foamn properties on the slope of long waves indicated
by the data from [38]. However, there are not yet any reli-
able physical models or experimental data sets, allowing a
quantitative determination of sea foam brightness temper-
atures as a function of surface slopes. Third, the present
model does not consider the scattering by breaking waves.
Although the areal coverage of breaking waves, like that
of sea foam, is usualy small, the strong scattering proper-
ties of breaking waves have been known to be significant
for the microwave backscattering @, high incidence angles
[22, 41]. Finally, the effects of multiple scatteringonthe
microwave emission from sea sur faces need to be studied,
i particular at high incidence angles.
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A LOCAL COORDINATE SYSTEM AND VECTOR
TRANSFORMATIONS

Given the z and y dopes of a tilted flat surface, S,and
Sy, the surface normal can be written as:

;SII - Syy + 2 (27)

zy =
m

However, the surface normal can also be expressed in
terms of the zenith and azimuth angles, 8, and ¢,,, by

21=sin 6, cos ¢, & + SN 6, SN ¢, + cos 8,2 (28)
Equating the above equations alows us to determine 4,
and ¢,

Besides the surface normal 2; of the tilted surface, the
local x and y unit vectors, denoted by z; and 9, need to
be defined. Because this paper assumes that positive z is
in the wind direction, the z; vector is chosentobe on the
x — 2 plane so that the center direction of wind-induced
capillary waves on the tilted surface canbe conveniently
represented by ;.

(29)
(30)

Iy = COS 3i—sin3z

no= Aaxd

Uhhhv/\lahhah.vy and Phrvev =
The angle 3 is determined by enforcing ; to be perpen-
dicular to 2;, resulting in

B = arctan(tan 6, cos ¢n) (3D)

Carrying out the cross product and using the solution of
B give the explicit expression of ¢

g1=-sin 8, sin ¢, (Sin Bf+cos B2)+j 1 — €in‘f,, SN’ ¢,
(32
Note that as 8,, cent inuously approaches zero, the x,y;z
coordinate system approaches the global zyz coordinate
system. Additionaly, since 8, is expected to be small for
sca surfaces, #; and g, differ from & and vy, respectively,
by a small quantity of the order of 62.
By using the above equations, a matrix A can be defined
to recast these vector relations into a matrix form

AR

Here 4 is a three-by-three matrix

Hence, the wve vector k expressed in the local coordi-
nate is

(33)

e 2>

7&;; = Ak (34)

From &, the local incidence angle §; and the local azimuth
angle ¢ can be calculated by the following relation
k; = sin @ cos ¢y + sin 6 sin ¢y + cos 03 (35)

Additionally, the horizontal and vertical polarization vec-
tors, by and v, can be defined in the local coordinate in



tertns of k; and 2

- E,xz‘,

o= XA 36

R (36)

oy = axk (37)
.h,xk,\

Denoting the angle between hand hy by a results in

Cos a= D -ti=h-k (38)

sn a= O-h=-hy (39)

The linearly polarized components of electric fields
(Ey, Ex) in the global coordinate are related to those
(Fui, Ent) in the local coordinate by

E, =
Eh =

E,jcos a+ Epysin a (40)

—FEy sin a+ Ey cos a (42)

Hence, it is straightforward to show that the Stokes pa
rameters measured in the global coordinate are related to
those measured in the local coordinate by

T, =Ty Cosa + Ty sinfa-U; sin a cos a (42)
T = Tyusin?a + Th Costa+ U, sin a cos a (43)
U="Ufcos’ a -- sin“a) — (Ty - Tn) sin 20 (44)
V =V (45)

Subscript ! indicates the quantities in the local coordinate.

B EMPIRICAL SEA SURFACE SPECTRUM

The surface spectrum for a fully developed ocean proposed
by Durden and Vesecky [20] has the following form

Wk, 6)= 5 S(K) B(k,) (46)

where the portion of S(k) with k> k; = 2 was assumed by
Durden and Vesecky based on the dimensional analysis:

{bkuz alog,o(k/k;)
- foi

S(k) =
(k) aok™

(47)

with g. = g+~k%, v = 7.25 x 10°, and g = 9.81. Another
three parameters for S(k) are a, b, and a.. The roll-
off rate is controlled by a and b, and ao represents the
absolute magnitude of the spectrum. The values of a, b,
and ao are chosen to be 0.225, 1.25, and 0.008 to best fit
the data.

For kK < k; = 2, S(k) is described by the Pierson-
Moskowitz spectrum

SKk) = bok-3exp [—0-74(& /k)21 (48)

with k. = g/U% 5. bo is selected insuch a way that S(K)
is continuous a k = k; for a given ao.

The wind speed given at any elevation 2 canbe calcu-
lated frowm the friction velocity u, by

U, 4

!
04105

Ulz) = ) (49)

where u, is related to Zo by

2,= 0.0000684/u. + 0.00428u? - 0.000443 (50)

The angular portion of the spectrum is assumed to have
the following form

Bk, ¢) = 1 + c(1-e ") cos 2¢ (51)

The coefficients of the angular part of the spectrum are
s= 15 x 10"and

o (]L—RR)_Z

13 1)1~ D (52)

where
_0.003+ 0.00192 U(12.5)

f= 0.00316 U(12.5) 53)

p - Jo k2S(k)e~ k" dk
B I k2S(k)dk

(54)

There were misprints in the equations for 2., ¢, and R in
[20].
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