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Communications

Comparison of Modeled and Measured Second Azimuthal is required to obtain predictions, with differing models emphasizing
Harmonics of Ocean Surface Brightness Temperatures  differing statistical information. One such model, based on a second
order small slope approximation (SSA) [7], [10], requires knowledge of
Min Zhang and Joel T. Johnson the ocean surface directional spectrum in order to predict both zeroth and
second brightness temperature azimuthal harmonics. Prediction of first

) ) ) azimuthal harmonics (the “up/down” wind asymmetry) requires a third
Abstract—Second azimuthal harmonics of ocean surface brightness tem- e S theory and knowledge of the surface bispectrum and has only
peratures predicted by the second order small slope approximation (SSA) . o .
are compared to an empirical model based on WindRAD experiments per- been considered in limited cases [11], [14]. At present, relatively few
formed by the Jet Propulsion Laboratory (JPL), Pasadena, CA. SSA pre- Validations ofthe second order SSA theory have been performed through
dictions are illustrated for three differing models of the ocean surface direc- comparison with measured data. Clearly, the model used for the ocean
tional spectrum, and results as a function of wind speed are shown to be in g|;rface directional spectrum can have asignificantinfluence[13].

reasonable agreement with the WindRAD model at 19.35 and 37 GHz and . .
at polar observation angles of 48, 55°, and 65°. None of the three spectral In this paper, a more detailed study of the second order SSA theory

models, however, completely matches all the trends of the empirical data. iS illustrated by comparing model predictions of second emission az-
A slight modification to one of the spectra is demonstrated to yield an im- imuthal harmonics with an empirical model derived from WindRAD
proved agreement. experiments at 19.35 and 37 GHz performed by the Jet Propulsion Lab-
oratory (JPL), Pasadena, CA, between 1994 and 1996 [15]. SSA re-
I. INTRODUCTION sults using three models for the ocean surface directional spectrum are
ompared to assess their performance, and a slight modification in one

Interest in polarimetric microwave radiometry for remote sensing - o .
: - ) S the spectra is demonstrated to yield improved agreement with em-
of oceanwind speed and direction has been increasing in recent years

[1]-[5]. Several experimental campaigns have been conducted anglg{:al data. The SSA theory and the directional spectral models used
: ! re briefly described in the next section, and the WindRAD empirical

present, sufficient empirical evidence of wind vector retrievals exists 0 . . . . . ;
. - : . . . model reviewed in Section Ill. Data comparisons are illustrated in Sec-

motivate inclusion of a polarimetric radiometer on the NPOESS gen%rdn IV and conclusions reported in Section V

ation of satellites [6]. Wind direction retrievals are possible due to the ’ P ’

azimuthal asymmetry of a wind driven ocean surface, which can pro-

duce azimuthally varying brightness temperatures in all four modified Il. SSAAND DIRECTIONAL SPECTRUMMODELS

Stokes mission parameters. These four modified Stokes parameters afe SSA for emission from a rough surface (shown to be identical

labeledT’ss, Tk, Tu, andTy in this paper, respectively, where theto the small perturbation method for emission calculations in [10]) in-
former two quantities refer to brightness temperatures in horizontal\@jlves an expansion of rough surface emission contributions into a se-
vertical polarizations, and the latter two quantities refer to the real aﬂgs in surface S|Ope. The zeroth order term reproduces emission from
imaginary parts of the correlations between horizontally and linearyflat surface profile, the first order term identically vanishes, and the
polarized fields, as described in [7]. A convenient expansion of sea s&cond order term provides the first correction to flat surface bright-
face brightness temperatures into a series of azimuthal harmonics gases, as described in [13]. The second order term is expressed as
be made, as an integral over the ocean surface directional spectrum multiplied by
a “weighting function” that describes the relative contribution of each

(0 1 (2 .
Ton T%O’% + TJEB{; cos ¢ + T%;% cos 2¢; surface length scale to the overall emission correction. Due to the small
Tev | | Tee t T, cos ¢ 'é’r)\TBv’ €05 20 (1) slope nature of the theory and in contrast to a small height perturba-
T Ty sing; + Ty sin 26, tion point of view, no distinction between “small” and “large” scale
Tv Tx(fl) sin ¢; + T\(/z) sin 2¢; components in the ocean surface spectrum is required, allowing con-

. . _ tributions to be obtained for all surface spectral components in a single
wherep; denotes the azimuth angle between the radiometer |00k dirgirogration. The second order correction can furthermore be separated
tion and wind direction. The azimuthal harmonic coefficiePts in  ini0Zeroth and second azimuthal harmonic components, so that these
the above equation remain functlon§ of the radlqmeter p?'f’“_ Obser}ﬁﬁ'antities can be evaluated separately, again as described in [13]. In
tionangle, the frequency of observation, the relative permittivity of Sggis naner, the integral for SSA second order contributions is performed
water, and the statistical properties of the surface and can also cong;ygr length scales ranging from 0.01 mm to 10000 m, allowing contri-
contrlbutlor_ls from Fhe presence of sea foam and direct and reﬂec[ﬁﬂions from length scales much smaller than or much greater than the
atmospheric emissions. o 1.55 cm and 8.11 mm wavelengths at 19.35 and 37 GHz to be captured.

Several modeling studies of thermal emission from sea surface Shﬂvﬁqysical temperature of 283 K is assumed for the ocean surface, and
also been performed [7]-{13] and used to explain some of the physiggh water relative permittivities of 27.25 36.36 and 12.7%i 24.09
properties of ocean surface polarimetric brightness temperatures,In ,qeq ot 19.35 and 37 GHz, respectively, following the model of [16].
all such models, a description of the statistics of the sea surface promgte model predictions capture only emission from the rough surface

and neglect any contributions to emission azimuthal harmonics due to
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Fig. 1. Comparison of SSA and WindRAD empiric8k,; second harmonics. (a) 4519.35 GHz, (b) 55, 19.35 GHz, (c) 65, 19.35 GHz, (d) 45, 37 GHz,
(e) 55, 37 GHz, and (f) 65, 37 GHz.
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Fig. 2. Same as Fig. 1, but f@rz, second harmonics.

with measured data [7], [8], and the modification of the spectrguadrant of the original spectrum, which is then reflected to generate
constantzy from 0.004 to 0.008, as suggested in [7], is also made the remaining three quadrants. A factor similar to that discussed in
this paper. The Donelan—Banner-Jahne spectrum is modified in tfii8] is then included to rescale the resulting spectrum so that the
paper to obtain proper symmetries in azimuth by using only the firstirface height variance remains unchanged. One modification is made
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Fig. 3. Same as Fig. 1, but f@f, second harmonics.
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Fig. 4. Same as Fig. 1, but f@r- second harmonics. Note WindRAD model not available for 37 GHz.

to the Unified spectrum as well, based on a discussion with the authaisd speeds greater than 2.5 m/s. The directional variations of these
of [19]. In this case, the ter®; + B, in the final spectrum expressionthree spectra are quite different, with the Durden—\Vesecky spectrum
of [19] is replaced withL pas[B;/Lpir + Bg], where Lpas is the  modeling azimuthal variations only in the capillary wave portion of
Pierson—Moskowitz low frequency roll-off term, to avoid excessivehe spectrum, while the Unified and Apel spectra both place azimuthal
values for the high frequency functiaB, at low frequencies. Note variations throughout the entire spectrum. More discussion of these
that the Durden—Vesecky and Unified spectra apply onlylfes s  differences are provided in [13] and [19].
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Fig. 5. Comparison of SSA using modified Durden—Vesecky spectrum with WindRAD empirical second harenics.., 7., andT second harmonics
are shifted by-3, 0,43, and+6 K, respectively, to enable curves to be distinguished. (&) 49.35 GHz, (b) 55, 19.35 GHz, (c) 65, 19.35 GHz, (d) 45, 37
GHz, (e) 55, and 37 GHz (f) 65, 37 GHz.

Ill. WINDRAD EMPIRICAL MODEL IV. RESULTS

The WindRAD radiometer was operated in a series of aircraft flights Figs. 1-4 illustrate the comparison of SSA results with the Win-
by JPL between 1994 and 1996 [2], [3] and measured all four modifiRAD empirical model for the three ocean spectral models considered.
Stokes parameters at 19.35 GHz and the first three parameters aE8¢h figure plots second harmonics of one of the four polarimetric
GHz. Extensive data was acquired at polar observation angles of 4guantities Us.,, Tz, Tu:, andTyv, respectively) for the three polar
55°, and 65 for varyingUo.5 wind speeds ranging from 2 to 18 m/sobservation angles and two frequencies. Note the WindRAD empirical
(measured in the experiments by the National Data Buoy Center). Fffé@del is not available for the 37 GHEy resullts, so only SSA predic-
order corrections to this data for variations in aircraft pitch and roll afions are included in the corresponding plots.
gles and for the contributions of atmospheric attenuation and emissioAn general in these results, all models predict azimuthal second har-
were also developed to produce estimates of surface and foam emis§¥§ics on the order ofIto 2° K, with increasing harmonic amplitudes
contributions only. Azimuthal first and second harmonic coefficien@S Wind speeds increase. Agreement between the empirical and SSA

[as described in (1)] were extracted from these data versus wind spdBadels is reasonable for all three surface spectral models in the cases
and the results fit with curves of the form illustrated, and general trends of the empirical curves are reproduced

in the simulations. However, the saturation that occurs in many of the
WindRAD model predictions above wind speeds of approximately 10
—(T1g.5/a2)"2 m/s is not well captured by any of the directional spectra. When SSA
¢ ] predictions are continued at higher wind speeds (up to 35 m/s), a satura-
(2) tion in the Apel spectrum predictions is observed above 20 m/s, while
the Unified and Durden—Vesecky predictions continue to increase in
to create the WindRAD empirical model. The second term in the aboreagnitude. Itis noted that the saturation of the empirical model at wind
equation is included only for third Stokes parameter fits. Coefficienspeeds greater than 11 m/s in the, and7s. channels may be less
1, 2, ar, az, by, andbs are provided in [15] for first and second az-reliable due to the influence of other surface and atmospheric features
imuthal harmonics of the 19.35 and 37 GHz frequencies and for polarthese channels, as described in [15].
observation angles 4555°, and 65. Again, only a comparison of  Predictions using the Apel and Unified spectrum models are
second azimuthal harmonics is considered in this paper due to the lgenerally observed to show more similar trends than those using the
itations of the second order SSA theory. Note an empirical model fburden—\Vesecky spectrum. This result is not surprising since the
zeroth azimuthal harmonics was not reported due to the excessive ddmified spectrum builds on many of the same observations as the
sitivity of these quantities to atmospheric and foam effects; first adpel spectrum, while the Durden—Vesecky spectrum was derived
second azimuthal harmonics should be less sensitive to these contribdependently to match ocean surface back scattering measurements.
tions. The Durden—Vesecky model appears to provide to best agreement at

fUws)=c1 [1 — (3_(”19'5/"'1)&1] + e [1
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19.35 GHz for low to moderate wind speeds (as has been shown in
previous comparisons for this wind speed range [8]) but dramatically 1]
overestimates harmonic quantities at higher wind speeds. None of the
three spectral models capture the relatively large amplitudes in 19.35
GHz, 65 Ti; second harmonics at low wind speeds.

Based on the success of the Durden—Vesecky predictions for |OV\}2]
to moderate wind speeds at 19.35 GHz, a simple modification to this
spectrum is considered to obtain improved agreement at higher wind
speeds. The Durden—Vesecky spectrum in the gravity-capillary region3!
involves a function of the form

[4]
‘ alog k/:
(bku? /g)" 50t @
k*
where
k ocean spatial frequency in rads/m; (6]
Us surface friction velocity in m/s;
q modified gravitational acceleration; (7]
a andb  constants [17]. 8]
The spectrum is modified by replacing this function with
[
(l)A’(O.Q}T)Z/g)a lTog1(k/2) [10]
kA “) [11]

for u, > 0.37 m/s, and retaining the original form for < 0.37 m/s.

This modification is made purely to reproduce the harmonic ampli{12]
tude saturation arourid;s.5 wind speed 10 m/s observed in the com-
parisons. Such a modification appears reasonable, however, given th%]
growth without bound that occurs as wind speeds increase in the orig-
inal form.

Fig. 5illustrates the comparisons with the modified Durden—Veseck)Ll“]
spectrum. In this figure, all four polarimetric quantities are illustrated in
asingle plot, bu’sy, Ts., T, andTy second harmonics are shifted [15]
by —3, 0,43, and+6 K, respectively, to allow the curves to be dis-
tinguished. A dramatic improvement in agreement is observed for the
modified spectrum, particularly at 19.35 GHz, although some differ-{
ences still remain. The implication of this success is not clear, since
both the sea surface directional spectrum and other emission proces$es
may be contributors at higher wind speeds.

(18]

V. CONCLUSIONS [19]

Results of these comparisons demonstrate that the second order
SSA appears to capture many of the physical processes that produce
second harmonic variations of ocean surface brightness temperatures.
Differences between SSA predictions under the three ocean spectral
models considered illustrate the importance of improved knowledge of
the ocean surface spectrum, and in particular, its directional properties.
The success of the modified Durden—\Vesecky spectrum in matching
the empirical model is encouraging, but several issues regarding the
accuracy of this spectrum (in particular its model of the long gravity
wave portion of the spectrum as azimuthally isotropic) remain [19].
Research into these issues is continuing, along with studies of the third
order SSA and sea surface bispectrum for prediction of emission first
azimuthal harmonics.
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