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Theoretical Study of the Small Slope Approximation
for Ocean Polarimetric Thermal Emission

Joel T. JohnsonMember, IEEE,and Min Zhang

Abstract—Analytical models for ocean surface polarimetric terms of the electromagnetic wavelength. Numerical tests
thermal emission based on the small perturbation method (SPM) of the SPM for a set of canonical periodic surfaces have

have shown success in matching brightness temperature az-.qnfirmed this statement [16]. These results motivate use of
imuthal variations from aircraft based measurements. It has

also been shown that use of the small perturbation method for 1€ SPM/small slope approximation (SPM/SSA) for the study
calculation of surface emissivity results in a series in surface slope, Of ocean polarimetric thermal emission since ocean surface
not surface height, so that the method remains accurate for large slopes are often relatively small on average.

ccattering caloulations. This papor presents a detailed analysis o ./ L10ugh the SPMISSA has been applied in several previous

i ulations. Thi i ysi . o B LT

the SPM/small slope approximation (SPM/SSA) for ocean surface Studles.of'ocean emission [5], [9], [10], o,btammg m,S'ght, 'r_]to
polarimetric thermal emission, and investigates the extent to the €mISSIon process thr_OUQr_‘ this tec_hnlque remains dlffl_CU“
which varying ocean surface length scales contribute to brightness due to the integration of bistatic scattering coefficients required
temperature zeroth and second azimuthal harmonics. It is found in Kirchhoff's law. Furthermore, calculation of brightness
that ocean waves of lengths both comparable to and much e mneratures requires that a model for the ocean surface

greater than the electromagnetic wavelength can contribute to . . . .
these harmonics, depending on the extent to which the oceandirectional spectrum be included, and the particular spectral

surface spectral model places asymmetry in these length scalesmodel chosen can strongly influence the results obtained.
In addition, the SPM/SSA is approximated for the contributions For these reasons, several questions remain [17] regarding
of both very long and very short ocean length scales compared the underlying sources of observed ocean emission azimuthal
to the electromagnetic wavelength, and it is found that both o nqnics and in particular the influence of ocean surface
long and short wave contributions can be expressed in simple
equations involving either standard or modified ocean surface f€atures of length scales much larger than or comparable to
slope variances. the electromagnetic wavelength.
Index Terms—Microwave readiometry, passive remote sensing. . In this paper, an attemp_t to resolve some of these questions
is made through a detailed study of the SPM/SSA. The
|. INTRODUCTION SPM/SSA formulation of [9] is followed, but the resulting
studies haVeequations are simplified and re-written in a form which is more

ﬁ\menable to interpretation. It is found that brightness tem-

microwave passive remote sensing of ocean wind speed Bejature azimuthal harmonics for each polarimetric quantity

direction [1]-[7]. The success of these studies has resul&d’ be er(;t_en as fan integral of a weighting f.unCt;?r; r:)ver th?
in plans for a polarimetric radiometer to be included in thgorresponding surface curvature spectrum azimuthal harmonic.

NPOESS series of satellites [8]. Analytical and numericgtUdieS of the harmonic weighting functions reveal them to

models for the calculation of ocean surface polarimetr{}@Ve @ simple behavior for ocean length scales much larger
thermal emission have also been developed [9]—[13], primarffy@n ©r much shorter than the electromagnetic wavelength,
through application of standard surface scattering approxim&&d @pproximations for these limits are derived and presented.
methods to calculate surface emissivity using Kirchhoff@verall results again confirm the small slope series of the
law. Models based on both the small perturbation meth&dfthod, and show that ocean surface length scales both com-
(SPM) and the physical optics (PO) approximation haw@rable to or much larger than the electromagnetic wavelength
been presented, as well as some limited numerical studf@ contribute to brightness temperature azimuthal harmonics.
of short gravity/capillary wave emission with the metho§tuqies of the weighting functions allow the influence of a
of moments [14]. A recent work [12] has further revealefarticular ocean surface spectral model to be removed, so that
that use of the SPM for emission calculations results in @@arer insight into the emission physics of the SPM/SSA can
small slope, rather than small height, emission approximati@f obtained. In addition to providing insight, the techniques
identical to that which would be obtained from the small sloparesented offer a means for more rapid and direct calculation
approximation of [15], so that the SPM can provide accura®f emission harmonics than previous integration techniques.

emission predictions even for surfaces with large heights inlt is noted that the SPM/SSA studied in this paper involves
only second order terms in surface slope, so that no first
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harmonics with the SPM/SSA can be obtained through veell only for surfaces with small rms heights in terms of the
“tilting” procedure [10], but such an approach is not folelectromagnetic wavelength (an accepted definition for first
lowed in this paper due to the ambiguity in choice of therder SPM is that the height should be less than approxi-
“cutoff” wavenumber for a small slope theory. Furthermoranately\/20, wherel is the electromagnetic wavelength [20]).
the influence of surface foam and atmospheric emission &tewever, the rms height of an ocean surface at microwave
not considered, although both can potentially contribute frequencies can be much larger th&f20, so use of the SPM
azimuthal variations of measured brightness temperatures [1fd}. scattering predictions becomes invalid, particularly in the
The next section briefly reviews the SPM/SSA for oceamear specular region where the largest scattering cross sections
surface emission, and a simplified expression for the theoryaige obtained. Since calculation of emissivity requires that all
derived in Section Ill. The “weighting” functions in this ex-bistatic scattering cross sections be integrated, inaccuracies
pression are then studied in more detail in the Section 1V, aird the largest scattering cross sections make the accuracy
analytical expressions for long and short wave contributiom$ the SPM for emission calculations seem questionable.
are then presented in the following sections. A final discussidimese considerations resulted in only short gravity and capil-

of the results presented concludes the paper. lary wave contributions (ocean length scales within an order
of magnitude of the 2.14-cm electromagnetic wavelength
IIl. SPM/SSAFOR OCEAN EMISSION CALCULATIONS studied) being considered in [9], since a spectral “cutoff’

Polarimetric passive remote sensing involves measuremavenumber was chosen below which long wave contributions
of all four modified Stokes parameters of the microwaveere neglected. Later works [10] modeled long wave effects

thermal emission through a composite surface type approach, but again, choice
TBh 1—1ry of a spectral “cutoff’ to separate the long and short scale
= Tg, 1—7r, contributions was required. However, predictions of the short
T = T =17, ] (1) ; ) .
U —ry gravity/capillary wave model alone were found to be in good
Ty —Ty agreement with measured brightness temperature azimuthal

whereT’s;, andT’s,, are the brightness temperatures measur&@rmonics, and long wave contributions were found to have
by horizontally and vertically polarized antennas respectiveliiitle influence on these results, seemingly demonstrating that
andZ;, andT;- are proportional to the real and imaginary partgnly ocean length scales comparable to the electromagnetic
of the correlation between fields in horizontal and verticjyavelength are significant in generating brightness harmonics.
polarizations respectively [9]. The second equality followd should also be noted that these predictions were obtained
from Kirchhoff's Law, which relates the emissivity of awith the Durden—Vesecky ocean directional spectrum model
medium at constant temperature to the corresponding reflé&l], derived to match measured ocean scattering cross sec-
tivity (74, 7, 7, andry) multiplied with the surface physical tions through the composite surface scattering model.
temperaturel,. Reflectivities are calculated as an integral of Questions involving use of the SPM for ocean surface emis-
bistatic scattering coefficients over the upper hemisphere Si¢n calculations were resolved in [12], in which expressions
the reciprocal active scattering problem [18]. obtained from the SPM for surface emissivity were shown to

Particular interest in ocean wind remote sensing is givélave the form of a small-slope, and not small height, approx-
to brightness temperature variations in azimuth, and it i®ation. Therefore, the SPM/SSA can be used for emission
convenient to represent these variations in terms of a setséfidies even when it fails for scattering calculations due to
azimuthal harmonics. Due to the statistical reflection symmetifje small height limitation. Numerical tests with canonical

of an ocean surface about the wind direction, it can be showfiriodic surfaces have confirmed this statement [16]; it is
[19] that an appropriate expansion is found that errors in scattering cross sections in the near

Ton T](Soiz I T](Bliz cos s + T](;}z cos 26 specular region are compensatgd by errors outside of the spec-
08 68 (2 ular region, so that the integration still produces an accurate
Tov | | Tho J(rl)T’?'" cos i J(FQ)T By €08 20 (2) emission prediction. Choice of a “cutoff” wavenumber based
Ty Ty “sing; + Ty sin2¢; on the SPM small height limitation is therefore not required in
Iy Ty(fl) sin ¢; + Ty(?) sin 2¢; emission studies, and the SPM/SSA can be applied to the entire

where ¢; denotes the azimuth angle between the radiometsrean spectrum. A “tilting” procedure to model long wave ef-
look direction and wind direction. The azimuthal harmoniéects is also not required since the theory should be applicable
coeﬁicients,Tw(Z), remain functions of the radiometer polarto all ocean length scales so long as they have small slopes.
observation angldd;, the frequency of observatiorf, the Use of the SPM/SSA produces an expansion in surface
relative permittivity of sea water, and the statistical propertiesslope, with zeroth order terms reproducing flat surface emis-
of the surface. sion results, first order terms identically zero, and second order

The SPM/SSA applies standard small perturbation theorytierms providing the first prediction of changes from flat surface
predict the bistatic scattering coefficients of a rough surfadarightnesses. Second order terms take the form of an integral
and integrates these scattering coefficients over the uppéra set of weighting functions over the surface directional
hemisphere to obtain the reflectivities and hence brightnegsectrum. Properties of the directional spectrum result in
temperatures. It is well known that the SPM for scatteringo first harmonic variations being obtained; a third order
predictions produces a series in surface height relative to tBBM/SSA expansion is required to obtain first harmonics. Only
electromagnetic wavelength, so that the approach convergfes second order expansion is considered.
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Second order scattering cross sections in the SPM rediilf, &, k.) variables are first interchanged and then the above
from the standard incoherent Bragg scatter terms, plusequations used to represént etc. in terms ofe,;, kp andd)'.
contribution from the second order correction to the flat The integral in (3) for brightness temperatures is over
surface coherent reflection coefficient. Emission contributioadi length scales of the ocean spectrukrj) from O to oc);
for both of these terms are expressed as an integral over tiwevever, the integration of incoherent scattering coefficients
surface directional spectrum, and were discussed separatelgtiould be limited to only those length scales which produce
[9]. Following [9], but combining these two terms into onea propagating Bragg scattered wave. The functfonn the
expression results in the following form for surface brightnesecond terms of (4)—(7) indicates this faét: is defined to

temperatures: be 1 fork, real, O fork. complex, and limits the incoherent
Tai 1— |R§32|2 contributions to waves propagating in the upper hemisphere.
Tpy | T 1-| R 2 o0 Y Evaluation of (3) is performed through numerical integration
Ty |~ °° 0 _/0 of the double integral for fixed values of all the radiometer
Ty 0 and surface parameterg,[6;, ¢;, ¢, and W (k,, ¢ )]. Typ-

/

gn f’97a¢7aca pa

/

( ) ical forr_nulations based on [9] would. numerically ca[culgte
27 o u(F, s, s € &) double integrals for the coherent and incoherent contributions
. / dp W(k,, ¢ ) VAT f” separately; the above expression combines both into one inte-
0 gu ([, 0i, ¢is &, k pv ,) gration. This is important because the coherent and incoherent
av(f,0i,0i,6,k,, ¢ ) terms when calculated separately for large height surfaces can

(3)  both obtain very large values which cancel when combined

where RE ,) and Rﬁb) are the horizontally and vertically po-to yield the total emission prediction. This cancellation effect
larized flat surface Fresnel reflection coefficients respectivehgsults in extremely high accuracy required in the separate

(k;,,¢') is the surface directional spectrum (defined so thatimerical integrations. Combining the two into one double

an integral over thdcp,d) plane yields the surface heightintegral eliminates this problem.

Var|anceo—2) and theg,y We|ght|ng functions are g|ven by Since evaluation of (3) results in a bl’lghtness vector for
one value of¢; only, studies of brightness temperature az-
gh(fv eivd)ivev pv(/) )

imuthal harmonics require repeated evaluation of the double
—9 Re{RiSZ*fqu fei [|f}<“| + |f;(vlu)|2]F (4) integral for varying values of; to produce functions of

azimuth. Harmonic coefficients can then be extracted from
gu([f, 05, iy €, ,,,(/)) these functions through a Fourier transform. Calculation of
0+ 12 k. W (1)2 brightness temperature azimuthal harmonic coefficients and
=2 Re{R,,)" [ }+ [|f *+ | fon 17 (5) their variations with other surface and radiometer parameters

can therefore be quite time consuming.

gu (.65, pic. k. b ) q J

=2 Re{(R RO* _ RO (2)} [ll. SIMPLIFICATION OF SPM/SSA
‘hh vU hv
2/@1 Ref /) ;D | (1) ;Do o 6 To address these issues, several properties of the original
el orl fun + 1o "} () g~ functions and the surface directional spectrum can be used.
0. b First, it is widely accepted that the ocean surface spectrum
gV(f7 zvd)zvev pvd)) h Id k',4f | | k/__ . d
(O o @ should vary f_ﬂ/ ,+ for large values ot ; it is advantageous
=2 Im{(R + Ry ) it to remove this dependency through use of the ocean curvature
P . . spectrumC(k,, ¢ ), defined as: *W (k¢ ). Next it is noted
|m{f52) }(Li) +f(1) }(Li) }F (7) p u C( p7¢ )7 I p ( p7¢) xtitl

that theg., functions have &? dependence on frequency which
In the above equatlons Re and Im represent the real argth be factored out by defining

imaginary part operators respectively, = 2r /A, k., = X 1

kcos;, andf(l) andf(Q) are the first and second order SPM G~ <9¢, ®i, €, ?”, d)') = ng(f, Oi, pis €, ks </) ) (8)
scattering coefficients, respectively, as given in [9] with some

modifications described below. The first terms in the abowéth the resultingg., functions depending on frequency only
g, expressions represent the second order coherent reflectimough k;,/k. Using these ideas and re-writing the second
coefficient contributions, while the second terms represent tbedler change in brightnesses from a flat surface’() in
incoherent Bragg scatter contributions. Second order scatteriagns of 5 = k;/k yields

coefficients are exactly those taken from [9], with the varjables AT
ks, ky, and k. in [9, App. 3] given byk, = k,; +k,cos¢ , ATp, oo 2 )
k, = k, + k. sing, and k. = ,/k2— k2 — k2, where AT, =T / dﬁ/ dp C(kB,¢)
Y yi p ’ z z Yo U 0 0
ki = s b cos ¢ andky; = ksinfsin gi. Note that £ ATy \ ,
is used withgy; and gy as opposed t(f, 7, in [9] due to an g,,b(97,¢7,c ’d),)
evaluation of the second order reflection coefficient in scattered .| 9y (65, i, . B, ¢,) (9)
field coordinates. First order coefficients are as given in [9, 9y (0, i€, 0,9 )
App. 2], except that the incident:;, k,:, k-;) and scattered gy (0, dir e, 3,6
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where them to be proportional to an integral of a weighting function
’(9“% B¢ dp g+, (B) times theC,,(k3) functions. Note that
If, ’ m I in 4 7
/33 Gy <97,¢7, f :/3,¢> dg (10) Cr (k) =/ dp <= O(kB, ) a7)
c 0
21 , , represents thath harmonic of the surface curvature spectrum,
- k’3 [kz gy (f,0is pise b, = kB, ¢ )} '» (11) 5o the above equation demonstrates the direct correspondence

between emission and surface azimuthal harmonics. Again,
and the newg’, functions have no explicit dependence oBjnce the properties of a surface directional spectrum require
frequency. Note that the above equation shows that the effRCfo have no odd azimuthal harmonics, the above equation
of changes in frequency is simply to moditj(k3, ¢ ), i clarifies that no odd emission harmonics will be obtained in
to modify the ocean length scale which is we|ghted by fRis second order formulation. In addition, the above equation
particular value Ofga,(ﬁ) assuming that remains constant makes calculation of emission harmonics a much more direct
with changes in frequency. procedure, since two single integrals [one for the Fourier series

A second S|mpI|f|cat|on |s used to separate individual agxpansion of theg functions and thel3 mtegra‘uon in (16)]

gw functions reveals them to be funcnons of — ¢ alone, procedure.

and not¢; and¢ separately. This motivates expansion of the

g functions in a Fourier series as IV. STUDY OF WEIGHTING FUNCTIONS
/ / Ny Plots of the harmonic weighting functiogé, () for fixed
. . — in(p:i—¢ ) . ) T
9:(0 pie.Brp) = D e Gy nllise:B)- (12) yalues off; ande can help reveal the extent to which emission

n=—oo

azimuth harmonics are sensitive to azimuthal anisotropy in
Consideration of the fact that thg, functions are real func- varying ocean length scales. Note that plots of the weighting
tions and the symmetric propertiesdn— ¢ for each polari- functions remove any influence of a particular ocean spec-
metric quantity reveals that, and g, should have only real tral model, since the total azimuthal harmonic is obtained

valued 4. _ which are even im, while Q,U and g'V should DY integrating the product of the weighting function with
have Onr); imaginary valueg, . which are odd im the corresponding surface harmonic coefficients. The large
i T :

Using the Fourier expansion in (9) results in amount of uncertalnty_ in the dlrectlo_nal prqpertles of the
ocean spectrum, and in particular their variation with length

o ELI ; scale, makes this a desirable procedure. Plots of the weighting
AT, = -T; /0 dp ; dp C(kB,¢) functions will be made using logarithmic axes due to the
large range of ocean length scales considered; however, use of
S in(di—d ) 3 13 logarithmic axes makes assessing contributions to the integrals
_E: () (13) in (16) difficult. Transforming the integration variable frof
e to log,, 3 eliminates this problem:
=T, mei [ dB g, W (B) = :
(n_z_:m [ | s Relg, (9)1C00)
0
27 , , oo ,
dp =" O(kp, )) (14) = (In10) / d(log1o B)8 Re{g,, o(B)}Cn(kB). (18)
0 — o0

with plots of C,,(kf3) versuslog;, 8 and integrated linearly

in Plots of 3Re{g. (B} versuslog,, 8 can thus be multiplied
-1, < > e [Tasa e (k/3)> as) o elgy.n () 10/ can |
e overlog,, # to obtain total harmonic contributions. Note also

/ a3 (B)Co(k) oo that use of a logarithmic axis for weighting function values
=T o gv 0 0 Z will produce rapid nulls when the weighting functions cross
0 n=1 through zero; however the wide range of possible weighting
0o ) function values again makes a logarithmic axis useful.
2 cos (m/)i)/ dfB Re{g, .(B)}Cn(kP) Figs. 1-3 plot3Re{g, ,,} for h andv and 3Im{g, ,,} for
oo , U andV versus—log,, 3 (the logarithm of ocean length scale
—2sin(ng;) /0 dpIm{g, ,(8)}C(kB) relative to electromagnetic wavelength, expressed in terms of

(16) length on the plot axis) for observation angles of 0, 30, and
60°, respectively, and foe = 39.7 + ¢40.2 (approximate
where the upper row in the final equality holds foandv, the permittivity of sea water at 14 GHz [22]). Four plots are
lower row for U andV, and an assumption that the curvaturencluded in each figure: magnitudes of the zeroth and second
spectrum contains only cosine harmonics has been maldarmonic weighting functions in dB and their signs, defined
Equation (16) has separated out individual emission azimutfssl +1 for positive values of R«@'%n} or Im{g'%n} and
harmonic terms (theos (n¢;) andsin (n¢,) terms) and reveals —1 for negative values. Note the four sign functions are
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Fig. 1. Weighting functions for = 39.7 + ¢40.2 and 0 degree observation angle (a) Magnitude of second harmonic weighting function. (b) Sign of second
harmonic weighting function. (c) Magnitude of zeroth harmonic weighting function. (d) Sign of zeroth harmonic weighting function. Nﬁ@,’)thag,’;,
and 8;/;/ sign functions are shifted by3, —3, and—6, respectively, to enable to curves to be distinguished.

shifted in steps of three to allow the curves to be more easpppenomena. In this region, extreme care must be exercised in
distinguished. In general in these curves, it is observed tlataluating the weighting function harmonics from (12) due to
the weighting functions are very smooth functions for lengttapid variations with azimuth; a total of 16 384 points in the
scales much greater than or much less than the electromagn&tienuth integration were used to generate the figures shown.
wavelength, and clearly should reduce to simple expressiddste also that in or near the resonance region there can be sign
in terms of 1. A general trend of constant valued curveshanges in the weighting functions, showing that some length
for larger ocean length scales (small is observed as well, scales can work in opposition to each other in generating
with the exception oth'V’2 which falls off rapidly for large emission harmonics. Plots of the weighting functions for fourth
length scales. However, for length scales comparable to ted higher azimuthal harmonics can be generated as well, but
electromagnetic wavelength, several resonance type behavsince most models of ocean directional spectra do not predict
are observed, particularly at larger observation angles. Thdsgher than second azimuthal harmonics in the spectrum, no
resonance type behaviors can be attributed to a “criticeinission signatures would be obtained.

phenomenon” effect [23], associated with scattered wavesA few features of Fig. 1 are also worth noting. Since
making a transition from propagating to nonpropagating, i.éhese plots are for observation at normal incidenceand

k. crossing through 0 and becoming imaginarytor reaching v weighting function magnitudes become identical, e

a minimum. Further study of this effect shows that onlgecond harmonic weighting function magnitude is twice that
length scales in the ranged(1 +sin 6;) and A/(y/Re{e} += of h or v, and theV second harmonic weighting function
sin#;) can show critical phenomena; the vertical lines in theecomes zero. Second harmonic weighting functions in Fig. 1
figures indicate the outermost boundaries of these limits aace particularly simple, with only one critical phenomenon
confirm that the resonance effects are associated with critiogkurring at the electromagnetic wavelength. Zeroth harmonic
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. (a) Weighting function for 2nd harmonic: 39.7+i40.2, 30 deg (b) Weighting function for 2nd harmonic: 39.7+i40.2, 30 deg
]
g 20+ x h 7 H
L%}
I I 52
I 1
= O Vv [
= o 0
Z 20r ] =
g g2
40t =
D o]
; é %74E = =) = =) =) =) =) = = = = 1)
° N A A A A A
8 —60F H
= -6
c
[o3)
< -80 : : . : : : : . : :
0.001A 0.0l 0.1h A 10A 100A 10002 0.001A  0.01x 0.1x A 10A 1001 1000A
Ocean Wave Length Scale Ocean Wave Length Scale
. (c) Weighting function for Oth harmonic: 39.7+i40.2, 30 deg (d) Weighting function for Oth harmonic: 39.7+i40.2, 30 deg
]
200 « h
%] O \Y}
€ 82
= 0Or R 5 o
c C
s .y T of
g 2
D 20 = e 0—0
= 2
2404 =
(o) (e}
= &4
3 [
2 601
2 61
c
[o3)
< -80 : : : : : : : : : :
0.001A 0.0l 0.1h A 10A 1004 1000A 0.001A  0.01x 0.1x A 10A 1004 1000A
Ocean Wave Length Scale Ocean Wave Length Scale

Fig. 2. Same as Fig. 1 but for 30observation angle.

weighting functions (never plotted fd¥ and V' since these in either large or mid range length scales being the dominant
guantities identically have no zeroth harmonic) are also intaventributor to emission harmonics. Fig. 4 plots zeroth and
esting, since they indicate that the zeroth harmonic at nornsgicond harmonic coefficients of curvature spectra obtained
incidence is dominated only by ocean length scales equalffem two ocean spectral models at wind speed 10 m/s: that
the electromagnetic wavelength. Zeroth harmonics at oblig@k Durden—Vesecky [21] and a symmetrized Apel spectrum
observation however show contributions from length scalé%4]. Note that these two models place surface azimuthal
both larger and smaller thak. anisotropy in differing length scales, with the Apel spectrum
Similar plots can be made for other observation angl€nPhasizing more the azimuthal anisotropy of longer gravity
and values of surface relative permittivity, and show simila¥@ves. Prediction of emission second harmonics simply
behaviors. Some differences occur in the case when the surfft@Hires shifting the curvature spectrum harmonic functions

relative permittivity is purely real, but since this is not realistic® that the appropriate length scale is aligned witin the

for the ocean at microwave frequencies, this case will not eelghtlng function plot, and then integrating the product of

further discussed. Overall, plots of these weighting functioﬁﬁe two curves ovelogy, . This prgcedure clearly S.hOWS
o . . at the Apel spectrum would result in much larger azimuthal
show that emission second harmonics predicted by the

- i . . armonic predictions at low frequencies than would the
SPM/SSA are sensitive (with the exceptiorid¥to anisotropy Durden—Vesecky model. The exact directional dependence of
in ocean length scales much larger tharas indicated by the

o ; the ocean surface spectrum remains a subject of research.
constant valued weighting functions. However, the resonance

behaviors observed in the critical phenomena region produce

a significant sensitivity to ocean length scales on the order V. APPROXIMATION FOR LARGE

of XA as well. Of course, obtaining a final prediction of SCALE WAVE CONTRIBUTIONS

emission second harmonics requires inclusion of an ocearmin examination of the curves of Figs. 1-3 reveals them
directional spectrum model, and the product of the weighting remain constant for length scales much greater thaA
function and ocean curvature spectrum harmonics may reslyif3 dependence of thg'%n functions for 8 small can also
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Fig. 3. Same as Fig. 1 but for 80observation angle.

be derived in general through an expansion of the weightifigst nonzero result. Overall it can be shown that the form of

function in 5. It is more convenient to illustrate this expansiorthe g., functions in this limit is

in terms of the original, functions of (4)—(7). Small values

of 3 indicate small values oﬁ:p or large length scale waves 'y 11(0;(9“6)

in the ocean spectrum. Since the valueskof k,, and k. gy 2k, <[ i }

used in the first and second order scattering coefficients are (2

found throughk, = k.; + k;) cos ¢ ky = kyi + k;) sing " |:h2/7l)(9i7 €) C?S(Qd)i) COS(2¢,):|> (20)
o1 (0;, €) sin(2¢;) cos(2¢ )

andk. = ,/k* — kI — k2, an expansion assuminkgj, is small

produces © @) ,
, , whereh’ ;(6;,¢) and h)7;(6;, €) are now constants ik, and
kL , k 2 , v ] v 4 )
k. askyy — £ cos(pi — ¢ ) — =L ¢ ; the subscript denotes “long” waves and the superscript
ki 2k=i indicates the azimuthal dependency generated by the function.
2 . . .
; / The upper row in the above equation is used withand
P 20 _
' <1 + &2, " (b — ¢ )> (19) , brightnesses: the lower row withi and V. Since these

expressions hold for the origing}, functions, which did
to second order |rkp Similar expansions can be made fodepend on frequency in general, it is clear from the above
all terms in the first and second order scattering coefficienexpression that the only frequency dependence of long wave
and terms multiplying powers ofp can be collected in the contributions to either zeroth or second emission azimuthal
gy functions. It is found that zeroth and first order termbarmonics is permittivity related.
both produce no emission contributions for a surface spectrunirhe dependencies obtained in the long wave limit are
containing only even cosine harmonics; termskj,?] yield the particularly appealing because when used in (3) they produce
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Fig. 4. Zeroth and second harmonic coefficients of curvature spectfur(ﬂf’p) for Durden—Vesecky and Apel models. (a) Second harmonics. (b)

Zeroth harmonics.

R ro total surface slope variance. This result shows that long wave
AT, = T, / dk, k,,/ dp Wik, ¢ )

: g"/(fv eiv ¢i7 €, k:m d),))

emission zeroth and second azimuthal harmonic contributions
are directly proportional to the long wave slope anisotropy,
1) and that the dependence of the long wave contributions on
polar observation anglé; is completely determined by the
surface relative permittivity through thie, ; functions. Note

ki 27
7 7 7 7 7 /2 ‘/ . . . . .
=-T </0 dk,, kp/o dp W(k,, ¢ )k, that thek, integration in the above equations is truncated at

k. to include only the long wave region; this region should
be chosen to be well outside the critical phenomenon limit
described previously.

Although the 1.{%)(6;,¢) and 1)(6;,¢) functions can be
derived analytically through thé;, expansion, the resulting
functions are quite complicated and so are not presented here.

—_7 S hff?(ez,e) 4 (82— 82 It is f_o_und thath%(ei,e) = 0 as expected from Figs. 1-3.
Y Rewriting (22) as
h3) 8;,¢)cos(2¢; 2, (0) 2_52
_ {w Jes <¢>D 22 AT, [s h%lwi,c)%SQ%
h (65, €) sin(2¢;) 0 52+ 57
whereS? and 53 are the long wave surface slope variances in <2)(97 ¢) cos(2¢;)
the z andy directions respectively anf? = 52 + §2 is the : { Zl) ’ / D (23)
Y p Yy =9z y he 1 (0:,€) sin(2¢;)
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shows that long wave second harmonic contributions can teems are also included from the exact weighting functions,
expressed as a product of three factors: the long wave tdwat they are extremely small and can be neglected. It is seen
slope variance$?, a slope asymmetry factofs? —Sg)/(Sng that long wave zeroth harmonic contributions are zero near
Sg), and the “shape” versus polar observation angle functiomgrmal incidence, as in Fig. 1, and increase in magnitude at
h(ﬁ(ei, ¢), again which are independent of frequency and tHblique incidence.
surface geometry. Depending on the ocean spectrum model chosen and the
The observed dependence on surface slope only confirfgerating frequency, the long wave portion may or may
the small slope approximation, and it is clear that increas@gt contribute significantly to ocean azimuthal harmonics.
in total long wave slope variance for a fixed upwind tdhe above equation reveals the simple dependence of these
cross wind slope variance ratio results in increasing secog@ntributions on long wave slope variances. A dependence
harmonics. The asymmetry factor correctly reduces to ze?d surface slope alone is similar to what might be expected
for an isotropic spectrum, and is seen to vary between miniiem a geometrical optics emission calculation, and numerical
one and one with a fairly rapid saturation as the up wind g&udies [16] have confirmed that both PO [11] and SPM
cross wind slope ratio increases. Figs. 5 and 6 plot the zerdksed emission calculations yield accurate results for large
harmonic and second harmonic“shape” factors respectiveigale surface features. It is interesting to observe that an
for three surface permittivities, corresponding to approxima&M based emission formulation reduces to the physical
permittivities of sea water at 14, 19, and 35 GHz [22pptics limit for large height but small sloped surfaces! The
The characteristic variations of emission second harmoniedatively simple integral expressions of the SPM/SSA method
observed in measurements are seen in these figures, withowever make obtaining the above approximations for long
zero crossing occurring in the 50-60 degree polar observatisave contributions much simpler and clarify the limitations
angle range, which varies with surface permittivity. Ndfe of the approximation. In addition, the approximate expression
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presented can be used to increase the efficiency of emissiothe surface permittivity has an imaginary part. It can be
harmonic calculations for the full spectrum, since only ahown for very short waves (again significantly outside the
calculation of long wave slope variances is required to obtagnitical phenomena region for the sea water region) that the

all long wave contributions. g~ second harmonic weighting functions approach a function
which varies ask *(k/k,), so that a direct dependence on
VI. APPROXIMATION FOR SMALL short wave surface slope variances is not obtained. Instead the
ScALE WAVE CONTRIBUTIONS result can be written as
A similar expansion can be made for length scales much ) _ oL, vl k
smaller than\/(/Re{e} +sin 6;), again as seen in Figs. 1-3 AT =T, </k dk, k”/o dp Wk, ¢ )k, <k_>
where the weighting functions become smooth for small length 56 y , .
; . , @ (61, ¢) cos(2¢1) cos(2¢))
scales. In this case the expansion assumes large valugs of [h@) 6. (2 00 D
so that an expansion ih,;/k, is obtained: (8:, €) sin( ¢”)COS( (/))
Kk pi k2 = <( [ Zz ) cos 2¢Z)D (25)
ko~ k., — //;’m cos(¢h — @) — 2]:? )Sm(2¢z)
2,2 # where thes subscript on thehW s funct|or)s now ,stands,for
] P cost (i — ¢ ) (24) ‘“short” waves, and thes;?, S2, and §2 = S2 + S
k2 are "“modified” short wave slope variances in that they are

, calculated with a filtering functlom/k included. Slncek
wherek, = |/k* — k2. In this case it is found that zerothis assumed to be large in this limit, the filtering function
order ink,; terms contrlbute to emission azimuthal harmonicshows a de-emphasis on the contributions of short scale waves
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in the SPM/SSA emission process. Zeroth harmonic terrdgectional spectrum model for the ocean surface. Use of an
in the short wave limit are more complex, involving term&zimuthal Fourier series enabled the sources of individual
proportional to the short wave surface variance and modifiechission harmonics to be identified as an integral of the corre-
surface slope, and so are not presented here. Note even thaminding surface spectrum harmonic with a distinct weighting
a surface variance dependence is obtained, these contributiamgtion for each harmonic and polarimetric brightness. These
occur only for length scales much shorter tharor which weighting functions were found to be sensitive to length
small slopes also imply very small heights relativeXothe scales much larger than the electromagnetic wavelength, with
overall expansion can thus still be considered a small slofie exception of thé/z term, although significant sensitiv-
approximation. ities to length scales within an order of magnitude of the
Fig. 7 plots second harmonic “shape” factors analogousyectromagnetic wavelength were also observed. The fourth
to Fig. 6. Note overall that the short wave contributionStokes brightnessyz was found to be the most sensitive
have smaller values of the slope-dependent “shape” factsirthe four brightnesses to small scale features in the ocean
than the long waves, with the exception /bf)s, which has spectrum, and an interesting sensitivity of nadir viewing zeroth
no long wave contributions. Clearly the Weiyghting functionkarmonic 7'5;, brightness to a single scale in the ocean
demonstrate that th&p brightness has the most sensitivity taspectrum was observed. Consideration of these results clarifies
short scale waves on the ocean surface. Again these appréx¢ fact that previous works have concluded that the short
mations can be useful in calculating emission harmonics mageavity/capillary wave portion of the spectrum dominated
efficiently. emission second harmonics due to use of the Durden—Vesecky
ocean spectrum, which places most of the azimuthal anisotropy
VII. Discussion in these length scales. However, the weighting functions
The results of this paper clarify the physics of the emissi@how that large scale waves can also contribute if they are
process predicted by the SPM/SSA, independent of a particudanisotropic.



2316 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 37, NO. 5, SEPTEMBER 1999

Approximations to the weighting functions in the largg10] S. H. Yueh, “Modeling of wind direction signals in polarimetric sea

wave and short wave limits produced simple equations for surface brightness temperatureSEE Trans. Geosci. Remote Sensing
o h and d azi hal h Lo vol. 35, pp. 1400-1418, 1997.
emission zeroth and second azimuthal harmonics in terms9f] p. B. Kunkee and A. J. Gasiewski, “Simulation of passive microwave

a product of the surface standard or modified slope variance wind direction signatures over the ocean using an asymmetric-wave
; « n ; geometrical optics modelRadio Sci. vol. 32, p. 59, 1997.
Wlth an asymmetry factor and a shape factor which Waﬁé} V. G. Irisov, “Small-slope expansion for thermal and reflected radiation
independent of surface geometry and completely determined fom a rough surface,Waves Random Mediaol. 7, pp. 1-10, 1997.
the dependence of the harmonic coefficients on polar o33l , “Microwave radiation from a weakly nongaussian surface,” in
: : : : Proc. IGARSS'98/0l. 5, pp. 2329-2332.
servation a_ngl?' These app_roxllr.natlons again show that lo Q] J. T. Johnson, R. T. Shin, L. Tsang, K. Pak, and J. A. Kong, “A numerical
wave contributions can be significant, and can also be used t0 study of ocean polarimetric thermal emissiofZEE Trans. Geosci.
improve the efficiency of brightness temperature calculationg, Remote Sensingol. 37, pp. 8-20, Jan. 1999. _
A phvsical ical . . . hould al %5] A. G. Voronovich, Wave Scattering from Rough Surface8erlin,
physical or geometrical optics approximation should alS0™ Germany: Springer-Verlag, 1994.
be appropriate for these contributions, but would beconi&s] M. Zhang and J. T. Johnson, “Theoretical studies of ocean polarimetric
; ~ brightness signatures,” iRroc. IGARSS'98vol. 5, pp. 2333-2335.
inaccurate for Wavelength and SL,Jb wave[ength scale eﬁeqzl?] M. L. Van Woert, “The AEOLIS program: Prospects for future, low-cost,
The success of the SPM/SSA in matching measured bright-" space-borne vector wind sensors, Aroc. IGARSS'96pp. 1117-1119.
ness temperature harmonics [10] has shown that the technidj$ ; Tsang, ’\f A-YKokngW{imd FliégTS- ShiTheory of Microwave Remote
: : ensing New York: Wiley,
ShO_UId be appl_lc_able_ for chan brightness temperature pf&] S. H. Yueh, R. Kwok, and S. V. Nghiem, “Polarimetric scattering and
dictions. Remaining issues involve a more complete study emission properties of targets with reflection symmetigadio Sci,
of the third order expansion, so that emission first azimuthal Vvol- 29, pp. 1409-1420, 1994. . :
h . b btained. as well as the effects of foam %C()J F. T. Ulaby, R. K. Moore, and A. K. FundgJlicrowave Remote Sensing
armonlcs'can .e 0 ained, o vol. 2. Reading, MA: Addison-Wesley, 1982.
atmospheric emissions. In addition, the dependence of ocg2m S. L. Durden and J. F. Vesecky, “A physical radar cross-section model
surface anisotropy on length scale remains an open question, Lopr argi‘i:l”"igsséea with swell,JEEE J. Oceanic Eng.vol. OE-10,
as evidenced by the differing predictions of the two spectrgh) L. A Kiein and C. T. Swift, “An improved model for the dielectric
models considered in this paper. Finally, consideration of the constant of sea water at microwave frequenciSEE Trans. Antennas
; ; ; ; ; i Propagat, vol. AP-25, pp. 104-111, 1977.
Wellghtlng functlo_ns preser?ted in this papgr can enable 09m 3] V. S. Etkin, N. N. Vorsin, Yu. A. Kravtsov, V. G. Mirovskii, V. V.
nations of polarimetric brightness quantities to be designed" nikitin, A. E. Popov, and I. A. Troitskii, “Critical phenomena with
to obtain enhanced sensitivities to particular ocean length the thermal radio irradiation of a periodically uneven water surface,”
; it . T ;. lzvestiya: Radiophys. Quant. Electrpmol. 21, pp. 316-318, 1978.
spalt—_zs for remote sen3|.ng apphcatlons, the sensitivity of r_]a?iﬁ] J. R. Apel, “An improved model of the ocean surface wave vector
viewing zeroth harmonic brightness temperatures to a single spectrum and its effects on radar backscatter@eophys. Resvol. 99,

ocean surface length scale clearly suggests such possibilities. Pp. 16269-16291, 1994.
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