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Abstract ‘There has been an increasing interest in
the applications of polarimetric  microwave ractiotneters
for ocean wind remote sensing. Aircraft and spaceborlle
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 rnechanistus  pro-
duced the observed brightness dependence on wind di-
rection. To this end, polarimetric  microwave emissions
from wind-generated sea surfaces are investigated with
a polarimetric  two-scale scattering model, which relates
the directional wind-wave spectrum to passive microwave
signatures of sea surfaces. Theoretical azimuthal modu-
lations are found to agree well with the Jet Propulsion
Laboratory (JPL) Wind Radiometer (WINDRAD)  obser-
vations of all 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 airborlm  ancl satellite
scatterometer measurements and the symmetric relations
expected for reflection-symmetric surfaces.

I. I N T R O D U C T I O N

‘There has been an increasing i[lterest  irl the applicatiolL
of polarimetric  microwave radiometers for ocean wind ve-
locity (speed and direction) measure[nmlts.  Early exper-
ime[ltal  results, such as those published in [1, 2], have
shown the correlation of sea surface brightness tetnpera-
tures  with the near surface wind speed. Theoretical in-
vestigations by [3, 4] have deterlni~led that a t~vc)-scale
scattering model could interpret reasonably well the ~vi[ld
speed se[lsitivity  of vertically and horizontally polarized
b r i g h t n e s s  te~uperatures  (7; and Ii). In addition to
wind speed sensitivity, microwave sea surface radiation
has been shown by recent aircraft and spacecraft radiolllc-
ter observations to have a few Kelvin directional sig[~als
[5, 6, 7, 8, 9]. A re-exanlillatiotl  of theoretical scattering
models is therefore required to shed light on the ~)hysics
behind the otmrved wind directio[i  sig[mtures.

Ocea[l wind rougheus  surfaces ill the forln of gravity and
ca~)illa[-y waves, brcakiug  waves alltl foaul. Tile scatter-
irlg effects of large-scale wraves lMVC bm’[i Inodele(l  t]y ttlc
geo[n(’tcic o~)tics (G()) scatteri[lg  theory  [10, 1 1]. 111 GO

Illod(!ls,  the large-scale waves are modeled by tiltirlg  sur-
face facets, atld the scattering coef[icieuts are proportional
to the llulubc’r  of surface facets with a tiltillg  angle satis-
fying the specular reflection conclitiotl. Stogryll  [10] used
Cox and Munk’s slope distribution of sea surfaces [12] and
studied the se[lsitivity  of brightness teml)eratures to wind
speed. However, Hollinger’s tower measurelncnts  [1] per-
formed at 1, 8 and 19 GHz showed that the GO model
failed to account for the observational frequency deperl-
dence and significantly underestimated the wind speed de-
pe[ldence of the horizontally polarized radiation at small
incidence angles. With the Bragg scattering mechanism
taken  into consideration, the two-scale scattering theory
[13] was exte[lded  by Wu and Fung [3] and Wentz [4] to
interpret the brightrless  temperatures of sea surfaces. In
tk two-scale scattering model,  the Bragg scattering by
s[nall-scale  waves contributes to bistatic incoherent scat-
teri[lg and modifies the coherent reflection coefficients of
large-scale waves. As cortlpared  with the geometric op-
tics moclel, the two-scale theory more accurately modeled
the dependence of brigbtlless  telnperatures on incidence
a~lgles and wind velocities [3, 4].

IIo\vevcr,  the co~ltributions  of short and long waves to
the wind direction signals i~l passive microwave radionle-
tet measuremc[lts  [5, 6, 7, 8, 9] have not yet been thor-
oughly ixlvestigatcd. In Jt’u and Fu~lg’s  [3] and Wentz’s
[4] models, the surface spectrum of short lvaves \vas as-
sutned to be isotropic and the Bragg  scattering theory for
isotropic surfaces was used. Conseque~ltly,  no directional
clepcndcnce was predicted by their theoretical models.
1[1 co[ltrast,  Stogryll’s  GO II1OC1C1  using Cox and Munk’s
slope distribution, althougll  il[ poor agreement wit~l the
wind speed smlsitivity  of sea surface brigtltness  te[llpera-
tures,  did predict an azimuthal brigtltllcss  ~’ariatiou of a
few Kcl\’ins.  The efFects of Ilra,gg scatteri~lg  by anisotropic
short-gravity and capillary  w’aves on all Stokes parameters
[15] \vere not studied u[ltll recently [16] a~ld tile t,tleoreti-
cal rrsults a~)pearcd  to agree with the measurenletlts  made
at Ilear normal i~lciderlce  allgles [6]. Additiorl  ally, Irisov
et al. [17] ewiluated  the differezlce betwww u~nvirld  and
cross\villd obsmvatiorls  of briglltrless  teln~wratures  usi[lg a
twoscalc lnodel based otl the theory  of critical 1)lle210tnena
slid Cm and hluuk’s  slope distrit)utioll,  and they SINWW1
ttliit  ttle  contriblltiorl  fronl capillary tvaves ;Vas Illllcll IImrc
sig,tlifical}t ttla[l ttlat fr(j~ll lt)ILg  Ivav(’s  al ttle freque[lcies of
19 MI(I  37 GIIz at Ilorl[d i[lcidellcc angle aIl(l that taki[lg
iilt () ;u(x)llrlt all scat teri[lg ltiecliallisl[]s Jvas Ilt’((’ssary  ;it



t,ll(, illciflc~lcc aIIgle of 78°. Ilow,cv(,rl 1[ isov et, al.’s :Hlaly-
sis W’ilS  Iitllit,cd  to ttl(! u~)wirl(l :111{1 crx)sswirld  asyl[lr[l(,try  of
7~, arI(l 7}, with 110 resul ts  sir[llllat,(,(l  for t,llc otllcr  St,ok(,s
~mral[leters,  wid t,hey (lid llot, ~)rovi(l(!  r)rf!(lict,iorls  for the
tallg(!  of irlci(lcnc{!  arigles fro~ll 30° to 70°, where sigllif-
iCiL[lt, chzulges of u~)wil~(l wid dowilwi]ld  asyln}l~ttry were
observed irl [7, 8, 9].

The ~JUr~)OSC!  of this paper is to examine the applicabil-
ity of a two-scale model [18, 19] to the w’inrl direction sig-
nals in polarimetric  sea surface brightness ternpcratures.
This model was a generalization of Durden  and Vesccky’s
scatterillg  model [20] to polarimetric  microwave emission,
extendiu~  the mevious  two-scale models (3, 41 to surfaces.,. L,,

with an anisotropic  directional spectrum and providing
theoretical ~redictions  for all four Stokes ~)ararncters of.
sea surface brightness temperatures. This allows us to
examine the relative significance of geometric tiltiug ef-
fects of long waves, Bragg scattering by short waves,  the
excess  emission from sea foaln and the modulation of
short waves by long waves (hydrodynamic Inodu]ation)
[20, 21,22,23, 24].

In Section I I., the theory of polarirnetric  radiometry is
summarized. Section III. presents a two-scale model for
thermal emission from anisotropic  wincl waves and foam.
Section IV. presents comparison of theoretical results and
existixlg microwave brightness temperatures of sea sur-
faces. Section V. summarizes the results of this paper
and discusses the issues for further investigation.

II. P O L A R I M E T R I C  R A D I O M E T R Y

l’he electrornaguetic  waves emitted from natural media
due to random thermal motion of electric charges are
in general partially polarized. To fully characterize the
polarization state of partially polarized thermal radia-
tion, four parameters 1, Q, U, and V were introduced by
Sir George Stokes. 13ecause  conventional radiometers for
earth remote sensing perform Tv and Th measurements,
an alternate representation of the Stokes vector uses four
p a r a m e t e r s ,  TV, Th, u, and V ,

T,, atld 7; are the brightness temperatures of vertical a[ld
llori~.ontal polarizations, while U al~d V characterize the
correlation between these two orthogonal ~)olarizations.
N’ote that Z(=T~, + T/, ) represents the total radiated er]-
er.gy and Q(=~~  – T~) the polarization balauce.  Eq. (1)
defines the Stokes parameters in terms of the horizontally
and vertically polarized components of electric fields (Eh
and E,,). The polarizatioll  vectors are related to the ctirec-
tio[l of propagation aud are defi[led iu [16]. The atlgular
brackets denote  the etlsc!mhle  average of the argumett,
atl(l r is a co[lstarlt relating the brigtlt[iess  t,elnperaturc  to
tllc electric crwrgy  de~]sit,y [15, 25].

I{(xxvit  interests in the a~)plications of ~)olariluct,ric ra-
diolllctry  for rrrnote  se[]si[lg  were II IOti\’ilt(’(1  by ttle the-

oretical  uwrk [15, 26]. ~;r(]~ttl(l-l)~ls(’(1 (,,x~wrilne[]ts  w e r e

carri[,(l out to irlvestigate  ttl(’ Stokf’s  lmriutlcters  of t,ller-
I[ial crllissiotl frottl ~)(,rio(lic soil Sllrfii((’s  at, X-l)at]d  [ 2 7 ]
a[l(l frt)tll  si[l[woidal  v.’ater surfam,s at Ku ball{] [28], at X
I)il[l(l  [2!)],  illl(l  at 94-CIIZ  [1 1]. ‘1’11(’ surface ~)rofiles st,lld-
ie(l it] t,tl(’se exiwriltl(![its  w(’N’ c~rl(’-(lirll[’[lsiollal w i t h  all
rills Iwig}lt of a few cc[lt,illlctcrs, I[luctl rougt Ler t}ml tile
ca~)illary waves ill the opcm oceans. Herlcej the measllred
brightrless  temperatures had arl azi[nuthal  variation of as
large as 20 Kelvins,  si,g[lificantly  larger than the measure-
ruetlts from ocean surfaces [5, 7, 8] and the theoretical pre-
dictiotls  [18, 30]. However, these studies clearly show that
the Stokes parameters of microwave radiatio~l from sur-
faces with preferential directional features are functions
of az,in~utbal vicxving  angles.

For wind-generated sea surfaces, the surface spectrum is
sylnrnetric  with respect to the willd direction (@u, ) or the
surfaces are statistically reftcctiou  symmetric with respect
to ~., [31], if the effects of swell can be ignored. Denoting
the azir[luthal  observation anmle of radiometer look direc-<,
tion by ~, and the relative azirrluth  angle by @ = @u, – @,,
Yueh et al. [31] derived from Maxwell’s equations that T.
and Th are even functions of @ and that U and V are odd
functions for reftectiorl-symrnctric  surfaces.

The even and odd symmetry properties allow us to ex-
panc] the Stokes parameters in either cosine or sine series
of the azirtlutb  auglc O. Hence, expanded to the second
harmonic of ~,

U R U1 sill@+ U2 sin 2d (4)

The first harmonics account for the upwind and clown-
wind ~ymmetric surface features, while the second har-
monics for the upwind and crosswind asymmetry. The
coefflcicuts of these Fourier series are functions of oceanic.
at[nospheric,  aucl some irlstrument  parameters, includ-
ing near surface wind velocity, swell, salinity, air and
sea surface temperatures, incidence angle, polarization
aucl frequency. The dominant geophysical parameter is
the surface wind velocity according to the past experi-
ence of oceatl backscatter ~ncasuremeuts.  However, other
variables which may influence the lviuci stress or fric-
tior[  velocity, could beconle significant at low to moderate
\vitLci s~x’eels. LJnderstanding  the relation of these har-
rlmnic coefficiellts with  geophysical parameters is crucial
to the irlversion  of geophysical parameters using polari-
ructric  brighttlcss  tenlperatures.

111. POLARIMETRIC  2-SCALE SEA
SURFACE EMISSION MODEL

T~()-S~ill~  sca surface moclels approximate the sea surface
as a twc)-scale surface with small-scale ripples or capil-
lary \Yavcs ric!ing  oll the top of large-scale surfaces. \Yith
ttlis :l~)i)roxit[l:ltioll,”  the total tllcrllud  er[lission from the
$Ilrf;l((,  is t]l(~ sul[l of (,lrlissiolls frolll irldilfi(lu;il, s l i gh t ly
pt,rt Ilrl)[xl sllrface ~)at (}1(,S  tilt,(,(l I)y tile (lll(l(,rlying large-
s~:tl(L  sllrfil(~.  Altllotlgtl  tt~()-s~;ll~’  IIIO(I(,IS  lI:L\(’  (lPHIOII-

St  Iilt(,(l I(,;lsorlilt)l(,  [Illlllerical :L(((lt’;l(j’  [3, ‘~, 17, 20, 2 2 ] ,
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Figure 1. Tuo and ThO as functions of incidence angles for several wind speeds calculated from the two-scale model at 19.35 and
37 GHz frequencies. 7~0 and Tho  from Wentz’s SSM/I geophysical model function [7] are included for cornpuison. T, = 12° C.

the two-scale theory remains an approximate nurtlerical
model for ocean surface scattering and emission. ‘I’he ac-
curacy of two-scale models relies on the accuracies of two
rnodelling components: the sea surface model and elec-
trorrlagnetic  scattering theories. A typical mathematical
representation of gravity and capillary waves is the sea
surface spectrum, which remains ati 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
polarirnetric  scattering nlodelling.  The electromagnetic
modelling  portion of two-scale models was also heuristic
in many areas. Hence, though it is shown in the follow-
irlg 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.

Irl the two-scale model, the Stokes vector of the ther[nal
ernissio~l  from a local surface patch is represented by ZS1.
10 account for the radiatiorl  from sea foam, I.l is written
as tbe sum of two terms, includirlg the Stc)kes vector of the
emission from foam-free, wind-roughened srnall-scale sea
surfaces and that from the surface patches with 100 per-
cerlt foam coverage, denotecl by Z
IIellce,

~~ and l~f,  respectively.

1./ = (1 – F,)],, + I;I,f (6)

\vit,ll F; represcntir]g  ttle areal  percerltage  coverage of sea
ft)arn over sea surfaces. F’, is krlowrl  to b~, a furlctiorl
of surface wirld velocities as well as air arl(l sea surface

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

‘1’he Stokes vector of the two-scale surface is written as,
the average of Z,l over the slope distribution of large scale
surfaces, denoted by P(SZ, Su). 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 along the line of sight, meaning that the emissio[l
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 0) for the Stokes vector observed at the inci-
dence angle O and wirnuth angle ~, and the derivation of
the following equation is similar to that sho;vn in [34].

‘s ‘l:>’s~l:”
dS~Z.l(l  - S: tan O) F’(S=,  S,) ( 7 )

wiierc

s , = S: cos~ – S; sill@

Su = S; sin@+ S; cosq$ (8)

I n  tile above ccluations, SI and SV re~)rese~lt the sur-
face slor)es ill T (upwind) and y (cross~viud) directions,
w’llilc S: arid S: represmlt  the surface slopes alorlg and
across the radiometer zw,irnuth observation direct  iorl, rc’-
slwctively.  Irltegratiorl  over S: has to be lirllit,c{l to cot /3
to accou[it  for the shadowing by large-scale s(lrfaces.



For the results l)rcsetlted  i[L ttlis ~mper, the i[lkg[ill  fo[
18 was carried out numerically with tllc integratio[i  Iir[lit,s
of S= and Sy truncated at 5 tirlles of the rms upwirld aIId

crosswind slo~ws (S,, a~ld SC), respectively, which were
~ahlkltd fron] &ls. (11)  alld (12). The  htCgrMld  Id

required the numerical calculations of 1~$ and l~f. 1.8
involved two double integrals, while ZSf was calculated
with an empirical formula [37] and did not require nunwr-
ical integration. Hence, the nu[ucrical  results for 1~ were
obtained from the numerical integratiotl  of a quadruple
integral.

III t}le 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 WI and IVs, re-
spectively, are related to the sea surface spectrum W by

{

W(K, ok) if K < .kdWl(K, &) =  ~ otberwlse (9)

W,(K,  d~) =
{

o ifK<kd
W(K, ~~) otherwise (lo)

where L-d is the two-scale cutoff. The slope distribution
function P(SZ,  Sv) of large-scale waves is assumed to be
zero-mean Gaussian with the upwind and crosswind slope
variances, S: and S:, which are calculated from all surface
spectral components with a wavenutnber  less than kd,

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 differe[lce  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, Ok, s.) = hvvs(K, h) (13)

Specifically, the paratneter h was assumed to take the fol-
lolvi[lg  form in this paper:

h =
{

1 – 0.5sgn(Sr) if lS=/S1,l > 1 . 2 5
1 – 0.4s=/s. if lS=/S,,l  s 1.25 (14)

wlwre  s,gn(Sr) = 1 if SZ is positive and sg,n(SI) = – 1
if S1 is Ilegative.  Conscqueritlyj  th(, ripples on the lee-
war(l faces of Ior)g waves are mlhanccd  all(l tllose oIl tile

wirl(lwar(l si(lc aw (lr~)[-cssf’(l. This fu[lctio[ml  forln is coll-
sist,e[lt  witt} the (lcscri~)tiorl  of hy(lrodytm[llic [Iwdulation
l)y R(x’ce [ 2 1 ]  all(l is sil[lilar to t,tw  IIlo(llllilt,ioIl”  nlmlels
assllrt Iwl  i[~ [20, 22, 24] for sea surface backs cat, ter. The
~[lagllitlldc of I[lodulatioll  h is larger t]ml that, assuulml in
[20], t)ut s[ualler  tha~l that assumed in [24]. Note that it
nlight  a~)pear that this modulation model is stronger than
that showll  in 13q. (20) in [22]. However, the surface spec-
truln  model assumed in [22] bad an additiorlal  nlod~llatiorl
term described by Eq. (12) in [22], which produced an ex-
tra upwitld and downwind asymmetry in the wavenumber
spectrum. Hence, the magnitude of h appeared to be con-
sistent with the modulation rnoclels  assumed in previous
ocean backscattering  models.

B. Ernissioll from Small-scale \J’aves
To extend two-scale models [3, 4] to anisotropic  sea sur-
faces, the second-order perturbation solution of Bragg
scattering froxn small-scale, anisotropic surfaces [16] is
used to calculate 1~~. The energy conservation condition,
crucial for calculating the brightness temperature using
the Kirchhoff’s law [36], was verified with the numerical
hlonte  Carlo simulations of rough surface scattering [16].

The Stokes emission vector I.. in the earth coordinate
is related to that denoted by 1~~ in the local surface coor-
dinate by the coordinate rotation s}lown in Appendix A.
By using a polarimetric  Kirchhoff’s law [25, 26], Z;, is re-
lated to the reflectivity vector (1, ) of the small-scale sea
surface tw

where T: is the surface temperature.
Basecl on the second order solution of scattering from

slightly perturbed rough surfaces [16], IT is the sum of two
terlns,  lrc and Zri:

I, =  1~~ +  Z~~ (16)

1,, represents the incoherent surface reflectivity, and is
calculated by integrating incoherent polarimetric  bistatic
scattering coefficients ~~tixu (61, q3~; 6~, q$,) over all inci-
dence angles in the upper hemisphere. The coherent re-
flectivity lrC accounts for the specular reflectivity with
corrections by the second order scattered fields. The de-
tailed ex~)ressiotls of lr, and I,C are gi~’en  in [16].

C. Emissioll  frolu foaln
Although foa~n typically  co~’ers only a fetv percent of sea
surfaces, increasing foam coverage on the sea surface can
substantially increase the sea surface emissivity  [37, 38].
I’revious theoretical foam scattering models, although
having offered physical insight illto the excess brightness
ter[ll)eraturc  contribution by sea foanl, arc not, yet, ac-
curate etlougl] to predict the lwlarizatioll  ~)roperties  and
itlci(l(’ttcc arlgle depetldence of rllic[o~vavc  f’~[lissio~l f r o m
foalll, Furtilcr  research orl the ~)olarizatiO1l sig[latures  of
foalll is i[ll~)erat,ivc.

[Jllc to the lack of a rigortjlls t ILcotetic:ll  s(iitt(~tiIlg

lllo(l(’1 for foarll, Stogry[l’s ernl)irical e[llissivity l[l(KIcI o f
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Figure 2. Comparison of rnea.~rrred  first and second harmonic coefficients with 2-scale model predictions at 19,35 GHz and 55°
incidence angle. kd = 150 1/m and T, = 12° C. Model values fron~ Wentz’s  SSM/I geo~h~sical  model function [7] are included
for comparison. T. = 12° C.

sea foam [37] is used to calculate the emissivities of ver-
tical and horizontal polarizations in the local surface co-
ordinate. The Stokes vector in the local surface ~oordi-
nate is the[l transformed to lSJ in the earth surface coor-
dinate using the coordinate transformation described irl
Appendix A.

IV. C O M P A R I S O N  W I T H  E X P E R I M E N T A L
D A T A

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

hlodel  inputs required for thcorwtical calculations irl-
clude the surface spectrum W and the sea surface pm-
mittivity.  The empirical surface s~wctrum  W proposed try
Durden  and Vcsecky  [20] was used for model calculation.
(Because sornc typographical errors are found in their pa-
per, the corrcc.t  expressions of Durden  and and Vesecky  ’s
slmctrurtl can be found in Appendix B.) Klein and Swift’s
dirlect, ric model [39] is used to calculate the sea surface
dielectric constant with an assurlled !vater salinity of 35
parts per thousa~ld  and surface teru~mratures  measured
t)y t)uoys.

Figure  1 illustrates theoretical Tvo ancl Tho versus ir~ci-
dmlce a~lglcs for four wind speeds: 3, 7, 11, and 15 rns-l.
The sea surface temperature of 12°C tias 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 ancl
SSM/I  model predictions. It had been pointecl out in
[7, 40] that Klein and Swift’s dielectric model [39], which
was constructed with data acquirecl at less than 10 GHz,
rleeded  to be adjusted if applied to frequencies above 10
GIIz. Since Wentz [7, 40] had tuned Kleirl and Swift’s
dielectric model to obtain the SShI/I model, lJart of the
difference betw’cen  \$’entz’s SSh4/I  model and the two-
scale r~~odel simulations COUICI be attributed to the differ-
cucc of dielectric models. The other cause of difference
is the luodel for sea foam emission. While Sto,gryn’s sea
foam ml~ission model [37] used in the two-scale model was
expectd to be reasollab)e,  it should  not be expected to
be in absolute agreement with the SShl/I observations.
lIowever, the difference was not expectecl to hat’e a sigrlif-
icarlt i]ll~mct orl the tvind speed sensitivities of ttleoretical
7’,,0 a[id TM, and it was show’n  in Figure 1 that there
~vas a rca-sorlablc agreerncrlt  bct,w’ecrl tile twwscal(!  theory
it[l(l  \VeIlt Z’S SShl/I geo~)llysical rilodel for” the wfirld s~wed
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Figure 3. Comparison of meamred first and second harmonic coefficients with 2-scale model predictions at 37 GHz and 55°
incidence angle, kd = 150 l/nl and T, = 12° C. Weutz’s  SSM/I model values at 53° incidence angle are included for comparison.

sensitivities of Tvo aud Tho. Theoretical wind speed seli-
sitivities  of T.. are positive 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 no wind speed
sensitivity at about 55°, while the zero wind speed sen-
sitivity for theoretical 37 GHz l~o 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 T,,o

makes a transition from positive to negative numbers.
Note that although the wind speed sensitivity of 7~o i~l
\Ventz’s  SSh4/I  geophysical model is small, it remains pos-
itive at 37 GIIz and is inconsistent with the small negative
sensitivity from the moclel at 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 al. [2] showed a zero
crossing at about 55°. This suggests that the willd speed
scrlsitivitics  of ?’,,0 in the range of incidence arlgles  fror[l
50° to 60° could be sensitive to other surface para[nctcrs,
for rxanlplc,  the sca surface dielectric constant as well as
ttle areal  coverage and brightness ~Jrolwrties of sea foam.
Fhrtlwr  refirler[mnts  of these nmdel ir~pllts  could be necm-

sary to achieve a better accuracy for Tuo between 50° a n d
60° incidence angles. Unlike the vertical polarization, Tho
irlcreases  with increasing wind speeds at all incidence an-
gles, and theoretical Tho hm  a slightly larger wind speed
sensitivity at higher incidence angles. This agrees with
the experiruental  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 pararueters  acquired from the JPL
JVINDRAD 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 lVINDRAD  data accluired
from flights with clear skies and thirl clouds. It can be
semi that the theoretical harmorlic  coefficierits  agree rea-
sonably well with the JPL \VIhTDRAD data acquired from
1994 to 1996 over a large range of wind speeds. This sug-
g[!sts  that the scattering mechanisms dorniriating  the cli-
rectional  signatures of sea surface bright~less  temperatures
have been considered irl the two-scale scattering model. A
sensitivity study has becrl conducted and shows that the
doniirlallt  scattering nwcharlisrn is the Bragg scattering
by stiort-gravity  and capillary ~vaves.

III Figures 2 and 3, both data m}d tlwory  show that the
direction signal irl 7’,, is dorllinatcd  by the first harmonic,
wllik, that of Ii is dor[li[lated I)y the second harr[mnic at
near 55° incidence a~lgle. The conlt)i[le[l effects of hydro-



(1.y[liltlli(:  I1lo(lllliLti  OIl  aII(l  [lt($wSt(,  t ;Ltlgl(’  [4~i]  tlil\,(, t)cr[l
ct[il)loycd to ex~)lain these siglmtllr(,s.

Figures 2 and 3 also illclude W’t’lltz’s SSA4/I T,, zirl(l 7;,
ItI(J(lel  coefticie~lts at 53° incidence arigle [7] for comparis-
on with t,fle theory  an(l JI)I,  \fTINDRAD  data. There  is
a reasOnat)k  agr~!enlent for 7’U 1, 1~,~, a~ld Thz. I1O~cvcL’,
the direction signals predicted by Werltz’s SShl/I  moclel
remain quite significant at low wind speeds (<5 Ins-1 ),

while WINDR.AD  data and theory show a much weaker
signal. In addition, ~~1 from Wentz’s SSM/I mode]  is
very different from the WINDRAD  data and theoretical
preclictions. It is not yet clear what causes these cliscrep
ancies.

As an independent check of the theoretical model, a
polarimetric  two-scale scattering nlodel was corlstructcd
based on the approach described in previous section
with the Stokes emissicm vector replaced by polarinwt-
ric backscattering  coef%cients [43]. In addition, the the-
oretical model can also 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 uhh, a.., uhu, and uuh. and the correlations be-
tween two co-polarized or two cross-polarized responses
are even functions of ~i:

w,hile the correlations between co- and cross-polarized
backscatters are odd functions:

~hhhv(d, ‘(b) =  ‘~hhhu(e, (b) (23)
~hhv~(e,  ‘@) = ‘~hh,,h(e, ~) (24)

~hvuu(e,  ‘@) = ‘~hvuu(6,  @) (25)
~vhvu(6’,  ‘$$) = ‘~vhuu(e,  @) (26)

where O and ~ represent the incidence and azimuth angles
of the radar observation directions. The above equations
show that the backscattering coefflcicmts uhh and oU,, are
even functions of the a~imuth  angle ~. This has beerl
well known  in the microwave backscattering  coefficients
of witld-generated  sea surfaces, which are symmetric with
respect to the wind direction. For exmnple,  the SASS
geophysical model function [\Ventz et al., 1984], enlpir-
ically relating the ocean wind vectors to the microwave
backscattering coefficient oo (~hh or Ot, u) by a Cosirle se-
ries, which is an even function of the azimuth angle ~.
Figures 4(a) and (b) illustrates ol,t, and uhh, ~alcuhlt(>d
usillg the SASS geophysical nmdel furlction, as a function
of @ for the wind speed of 11.5 In/s. The plots also ilb
elude the backscatters nlea.sured  by NUSCAT during the
Surface Wave Dynamics Experiment (S\\’ADE) in 1991
[42]. A s  ShOWIl,  ahh aIl(l 0,,,, a r e  syIunmtric fuIlctiotls

of ~. To study the sy[nnletry  ~)ro~wrties  of the other

[x)larirIl(,t,ric  t]i~(ks(;ltt(~ri[lg  c(wf[icivnts, ills[) irl(lll([(yl  ill

F i g u r e  4  am: t 11(, t lltwrAical {mlaritlwt  ric tmckscat  tt,riilg

coefli[i(’[tts. [<i~(lrw 4((I) a[~(l (e) t(:~(,itl  ii 1 8 0  degrees
~)ll;ls(’  (“tlilti~(>  it) (>/,), /,,, :1[1(1  /)1,,,,[, ilt  tkl(’ llInvilld ($!I = 0 ° )
an(l do~vrlwirl(l  ( 180°) dir(!ct ions, indicating that, thcwrcti-
cal (wr[(’latiorls  betwvml  co- arid Cross- polarim!tl  responses
fror[l sea surfaces have an odd syrnmet,ry.  This anti-
sylnnlctric  feature could potentially reduce the number of
ambiguities for ocean wind direction measurements with
polariluetric  scattero[neters,

V .  S U M M A R Y

TIIC ~villd direction signals irl the brightness temperatures
of sea surfaces are analyzed and examined using a two-
scale scattering !nodel.  This model accounts for the tilting
effects of large-scale waves, the anisotropic wavenurnber
spectrum of short waves, hydrodynamic modulation char-
acterizi~lg the modulation of short waves by long waves
and the excess microwave emission from sea foam. h40del
simulations are found to agree reasonably well with the
experimental data from 0° to 65° incidence angles at 19
al~d 37 GIIz.

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 twc-scale  model investigated irl this oaDer.  the. . .
upwind and downwind asymmetry of brightness tenlper-
atures is modeled by the hydrodyna~nic  modulations of
short waves by long waves. Although the wind speed de-
pendence  of the first harmonic coefflcie[lts of the Stokes
parameters seems to agree with the experimental data,
srweral  inl~)rovements  to the theoretical modeling of po-
larirnetric  sea surface brightness temperatures appear nec-
essary. The most likely model components for improve-
ment include the hvdrodvnamic  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 spatial distribution of short waves on
the faces of long waves may also be a function of wind
s~wed. The second co!nponent  for improvement is the sea
foank en)ission tnodel. The ern~)irical emission ~nodel by
Stogryll  [37] clid Ilot characterize the potential dependence
of sea foa~[l properties on the slope of long ~vaves i[ldicated
by the data froln [38]. However, there are not yet any reli-
able ~)hysical nlodels or experimental data sets, allowing a
qua[ltitativc  deterrniuation  of sea foanl brightness temper-
atures as a furlction of surface slopes. Third, the present
nmlel does not consider the scatteri~lg  by breaking \vaves.
.~lthougll  t}w areal  (overage  of breaking waves,  like that
of sra foalll, is usually slnall,  the strong scattering l)roper-
ties of bleaki[]g waves  ha\ce beel~ k~low~l to be si~llificant
for t.hc ~llicrowav~! I):icks(iitt,c,rillg at, higtl illciden&  all,glcs
[22, 41]. Fillally, ttle effects of r[llllt,i~)le scatt,(ring  on the

nli(’ro}vave erllissioIl from sea silt faces rlec(l to I)c studied,
i[l l)imticlllar  at high illciderlce aIIglcs,
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A LOCAI,  COORDINA1’E  SYSTEM AND VECTOR
TRANSFORMATIONS

Givc:~  the x and y slopes of a tilted flat surface, S= atld
SV, the surface normal can be written as:

;1 = :Szf – Sgj + i

m -

(27)

However, the surface normal can also be expressed in
terlns  of the zenith and aiiinmth  angles, 0,1 and &, by

;l = sin 6,, cos @,li + sin 8,, sin r#,L~ + cos ~,~~ (28)

Equating the above equatiolLs allows us to determine 0,,
and @r,.

Besides the surface normal 21 of the tilted surface, the
local z and y unit vectors, denoted by if and yi, ncecl to
be defined. Because this paper assumes that positive r is
in the willcl direction, the 21 vector is chosen to be on the
r – z plane so that the celltcr  direction of wind-induced
capillary waves on the tilted surface call be convenie[)tly
re~)resented  by if.

il = cos ~ji – sir[ ~~i (29)

The angle ,0 is determined by enforcing il to be perpen-
dicular  to .&, resulting in

/?= arctan(tan On cos 0,1) (31)

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

j( = – sin 19,, sin ~,, (sin ,bi+cos ~-i+j 1 – sin2 0,, sin2 &
(32)

hTotc that as 0,, cent inuously  approaches zero, the ZI ylzl
coordinate system approaches the global xy2 coordinate
system. Additionally, since 0,, is expected to bc small for
sca surfaces, if and ~f differ from ~ and y, respectively,
by a small quantity of the order of Oz.

By using the above equations, a matrix A can bc defined
to recast these vector relations into a tnatrix form

[i]=+]
(33)

IIerc  .4 is a three-by-three matrix
IIcnce, the wave vector E expressed in the local coordi-

xlatc is
x, = .-lx (34)

Frwn  I(, the local incidence angle 0~ and the local azi[nuth
angle #q can be calcu]atcci by the following relation

Acl(iitiorlally, the horizontal a[ld vertical polarizatio~l  vcc-



t(’r’l Ils of Zf arl(l if

(36)

(37)

Denoting the angle between }1 and k( by a results in

Cos cl =: <.$,=;~.jl, (38)
.

sin a == il. hl=–h.  iq (39)

The linearly polarized components of electric fields
(EO, Eh) in the global coordinate are related to those
(Eul, Eh[) in the local coordinate by

Ev = EU1 cos a + Eh[  sin ~ (40)

Eh = –Eel sin o + ~~f  cos & (41)

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. = Tvl CO S
2 Q + Thl sin2 CY – U, sin a cos o (42)

Th = Tvl sin2 a + Thf CO S
2 cr + b’1 sin a cos o (43)

U = U1(COS2  a -- s i n2 a) – (T.1 – Th[) sin 2a (44)
V=q (45)

Subscript 1 indicates the quantities in the local coordinate.

H E M P I R I C A L  S E A  S U R F A C E  S P E C T R U M
The surface spectrum for a fully developed ocean proposed
by Durden and Vesecky [20] has the following forln

I’v(k, $f)) = &s(k)@ (k, (b) (46)

where the portion of S(k) with k > kj = 2 WaS assumed by
Durden  and Vesecky based on the dimerlsional  analysis:

()bku: lllO~*O(k/kj)

S(k) = aok-3  — (47)
9*

with g. = g+-yk2, y = 7.25 x 10– 5, 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 CSo are chosen to be 0.225, 1.25, and 0.008 to best  fit
the data.

For k < kJ = 2, S(k) is described by the Piersorl-
hloskowitz  spectrum

[
S(k) = bok-3exp –0.74(k,./k)2 1 (48)

\vittl k,. = g/U/9,5.  b. is selected i[~ suctL a way that S(k)
is co~ltirluous at k = kj for a given ao.

‘1’hc  wirld s p e e d  givcrl  at ally  cl(:vatioll .2 CiLll  I)(’ Calcu-

lated  fro[tl  the frictiot~ velocity 11. by

U(2) = &g(;)
J

(49)

whete  u. is related to Zo by

2 0 = 0.0000684/u. + 0.00428u~ – 0.000443 ( 50 )

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

@(k,(j) = 1 + C(l  – e-sk2)cos2(# (51)

The  coefficients of the angular part of the spectrum are
s = 1.5 x 10–4 a n d

()1–R 2— . — .
c= l+R  (1–D)

(52)

where

~1 = 0 .003+ 0 .00192 U(12.5)
0.00316 U(12.5)

(53)

~j = ~om k2S(k)c-S’2dk
f~ k2S(k)rik

There were misprints in the equations for
[20].
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