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Impact on Sea-Surface Electromagnetic Scattering
and Emission Modeling of Recent Progress on the
Parameterization of Ocean Surface Roughness, Drag

Coefficient, and Whitecap Coverage in
High Wind Conditions

Paul A. Hwang

Abstract—Ocean surface wind stress is the force generating
ocean surface roughness and whitecaps. The surface wind stress
is related to the surface wind speed by the drag coefficient. Con-
sequently, the magnitude of roughness and whitecaps calculated
from wind speed input depends on the applied drag coefficient for-
mula, which remains uncertain especially for high wind conditions.
Because roughness and whitecaps are two major components of
the ocean surface response in microwave remote sensing, a clear
understanding of the drag coefficient, ocean surface roughness,
and whitecap coverage is critical to interpreting the microwave
signals emitted or scattered from the ocean surface. In reverse, the
microwave signals represent precious data sources of these ocean
surface properties [surface wind stress (or equivalently the drag
coefficient), surface roughness, and whitecaps] that are difficult to
measure with traditional oceanographic instruments, especially in
severe weather conditions. This article describes the improvement
of ocean surface properties achieved by incorporating microwave
remote sensing measurements. In essence, the global data of mi-
crowave monostatic and bistatic radar cross sections contribute
to the revision of ocean surface roughness spectrum model, and
microwave radiometer measurements in tropical cyclones provide
clarification regarding the dependence on wind speed of the drag
coefficient and whitecap coverage. In return, the calculated excess
emissivities and scattering radar cross sections are improved from
implementing the updated results of drag coefficient, whitecap cov-
erage, and surface roughness in microwave emission and scattering
models.

Index Terms—Brightness temperature (BT), drag coefficient,
microwave remote sensing, ocean surface roughness, whitecaps,
radar cross section.

1. INTRODUCTION

ICROWAVE remote sensing plays an important role
in ocean research and environmental monitoring. The
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received microwave signals from the ocean surface contain
signatures of various oceanographic processes that modify the
electromagnetic (EM) emission and scattering at the ocean
surface. In particular, ocean surface roughness and white-
cap coverage are two main contributors to the received sig-
nals in microwave wind sensing. Since surface wind stress
drives both surface roughness and whitecaps, microwave sig-
nals from the ocean surface are good data sources for in-
vestigating the properties of surface roughness, whitecap
coverage, and surface wind stress (or equivalently, the drag
coefficient).

This article describes some recent progress of modeling the
surface roughness, whitecap coverage, and surface wind stress
aided by analyzing microwave measurements. Analytical calcu-
lations of the expected microwave responses in ocean emission
and scattering are then carried out with the updated results
of drag coefficient, surface roughness, and whitecap coverage
implemented in the ocean emission and scattering models. The
upgraded formulations of the ocean surface processes clearly
improve the microwave scattering and emission computation
results.

Section II describes the treatment of ocean surface roughness.
The contributing microwave data sources include scatterom-
eter backscattering normalized radar cross sections (NRCSs)
represented by the Ku-, C-, and L-band geophysical model
functions (GMFs) and lowpass-filtered mean square slopes
(LPMSSs) derived from Global Navigation Satellite System
reflectometry (GNSSR) bistatic radar cross sections. The sec-
tion also describes the treatment of whitecap coverage and
surface wind stress, the contributing data sources are microwave
radiometer brightness temperature (BT) measurements cov-
ering a wide range of microwave frequency, incidence an-
gle, wind speed, and both vertical and horizontal polariza-
tions. Section III discusses the improvements on computing
the co- and cross-polarization NRCS and surface emission
from the ocean surface through implementing the revised drag
coefficient, surface roughness, and whitecap coverage in the
scattering and emission models. Section IV summarizes this
article.
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II. SURFACE ROUGHNESS AND MICROWAVE SCATTERING

A. Similarity Relationship of Centimeter to Decameter
(cmDm) Waves

The wave spectral properties in the cmDm wavelength range
are of great importance to microwave remote sensing of the
ocean environment. Early attempts to describe the spectral
properties of cmDm waves generally rely on extrapolating the
ocean surface wind wave spectral models, and appending a
relatively simple model for the high-frequency components, e.g.,
[1]-[8]. The wind wave spectral models address the energetic
components near the wave energy spectral peak region, which
are typically in the range of deca- to hecto-meter wavelengths.
Because the spectral energy decays sharply from the peak region
toward the short wavelength components, the spectral peak
region is not sensitive to the variation in the cmDm portion of
the spectrum. Consequently, the information in the spectral peak
region provides little guidance on how to extrapolate toward the
cmDm region. There are large differences in the resulting cmDm
wave components among different wave spectral models. The
discrepancies cannot be resolved easily because of the lack of
clear and quantitative understanding of the complicated physical
mechanisms governing the dynamics of cmDm waves.

In a major departure from the extrapolation approach, an
ocean surface roughness spectrum model [9] is anchored on
the similarity function of cmDm waves reported in [10]. The
similarity function prescribes the dimensionless spectrum B(k)
as a power function of dimensionless surface wind forcing

u*)a(k) 0

B (%; k) - A(k)(—
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where ¢ is the phase speed of the wave component with

wavenumber k, and u, is the wind friction velocity, which is

proportional to the square root of surface wind stress. The wind

friction velocity is related to the surface wind speed Ujg by

a drag coefficient Cyo: u, = CJ;°Uig, more discussion on the

drag coefficient s given in Section II-C. The properties of a wave

spectral component are, therefore, characterized by two factors:
the proportionality coefficient A(k) and the exponent a(k).

[The 1-D dimensionless spectrum B(k) is related to the 1-
D wave elevation spectrum F(k) by B(k) = k3F(k), where
F(k)= ["_S(k,®)kdp; S(k,¢) is the 2-D elevation spectrum,
that is, [;° F(k)dk and [° [T S(k,$)kdkde yield the vari-
ance of the surface elevation (n?), and ¢ is the wave propagation
angle with respect to the wind direction.]

The initial results of A(k) and a(k) are derived from a database
of short wind wave spectra measured by fast response wave
gauges mounted on a wave-following and free-drifting buoy to
alleviate the problem of Doppler frequency shift of short waves
caused by surface currents and orbital velocities of long waves
[9]-[11]. The field data were collected over about three years in
northern Gulf of Mexico, the wind speed range is between 2 and
14 m/s. The k range is between about 0.5 and 320 rad/m for the
A(k) and a(k) functions derived from the field data.

Because ¢ and k are related by the surface wave dispersion
relationship: ¢? = g/k + Tk, where g is the gravitational acceler-
ation and 7 is the surface tension divided by the water density,
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B(u./c; k) is an equivalent representation of the ocean surface
roughness spectrum. In practice, a matrix of B(u./c; k) is com-
puted for a range of u, and k with (1). Expressed as B(u., k),
the result describes the wind response B(u,) for a given k, or the
spectrum B(k) at a given u,. A unique feature of this spectral
design is its accommodation to revision and flexibility to adapt
new data sources. Revisions of the roughness spectrum over
the years take into account the additional information of ocean
surface roughness from remote sensing sources that roughly
divide into Bragg resonance and tilting categories, as described
in the following.

B. Microwave Radar and Radiometer Data Sources

The similarity relation (1) serves as a vehicle for incorpo-
rating microwave radar backscattering measurements into the
cmDm wave database. The Bragg resonance scattering mech-
anism dominates the vertical transmit vertical receive (VV)
radar backscattering. Computations show that the Bragg and
tilted-Bragg solutions are almost identical for incidence angles
in the neighborhood of about 55°+10°, and the NRCS o¢yv can
be written as

oovy (0) = 16mkicosO|gyy (0)>S (ks,0) 2)

where k,. is the radar wavenumber, 6 is the incidence angle,
kp = 2k,sinf is the wavenumber of the Bragg resonance surface
wave component, and gy is the scattering coefficient.

Examples of the A(k) and a(k) retrieved from Ku-, C-, and
L-band GMFs are shown in [16, Fig. 4] and [17, Fig. 7]. For
Ku- and C-band, the maximum wind speed is 60 m/s, and
for the L-band, it is 28 m/s [12]-[15]. In low to moderately
high winds (U1p < ~15 m/s), the GMF-derived A(k) and a(k)
are in good agreement with those obtained from in situ wave
spectra measured by free-drifting wave gauges. Incorporating
the scatterometer NRCS data expands the wind speed coverage
to tropical cyclone (TC) conditions. In high winds (u./c>~2.5),
the similarity function converges to B(u,/c; k)~(u,/c)*7; more
detail is given in [16] and [17]. In addition to extending the
wind speed coverage to TC conditions, the NRCS analysis
also increases the wave number coverage from about 320 to
510 rad/m. Furthermore, the environmental condition expands
from regional (northern Gulf of Mexico) to global.

The parameter a(k) represents the wind speed sensitivity
of a given wave spectral component. There are many papers
reporting the wind sensitivity of NRCS or BT as represented by
the wind speed exponent; the works in [18] and [19] summarize
the results published in 19 papers. These NRCS and BT data
extend the wavenumber coverage further to ~1100 rad/m in the
a(k) database. Analytical asymptotic functions are developed
to extend the wavenumber coverage of A(k) and a(k) to both
lower and higher wavenumbers (from O to o rad/m), and the
inverse wave age wy = Uyow,/g = Uip/c, is introduced to
limit the lower end of the wave number range of the computed
wave spectrum [16]. In the abovementioned expression, ¢ and w
are, respectively, wave phase speed and angular frequency, and
subscript p represents the wave component at the energy spectral
peak. The analysis results of cmDm waves using microwave
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NRCSs are in good agreement with those derived from in situ
wave spectra data, and microwave measurements become part
of the surface roughness database.

The resulting surface roughness spectrum function estab-
lished with A(k) and a(k) results combining in sifu and mi-
crowave analyses is referred to as the H2015 spectrum model
[17] in this article. The computed ooy v for Ku-, C-, and L-band
using the H2015 surface roughness model are in good agreement
with the Ku-, C-, and L-band GMFs. The NRCS differences
(GMFs — EM solutions) for the three frequencies are presented
in [17, Fig. 18]. In most cases, the difference is within 2 dB.
The L-band data employed in [17] covers wind speed up to
about 28 m/s for one incidence angle (45°). The more recent
report of Aquarius L-band GMF [20] has a higher maximum
wind speed, to about 32 m/s, and three incidence angles (29°,
38°, and 46°). The computed NRCS using the H2015 spectrum
and the new L-band GMF are in similarly good agreement. It is
clarified that throughout this article, the NRCS solutions of VV
and cross-polarization VH (to be discussed in Section III) are
based on the second-order small slope approximation (SSA2)
discussed in [17].

Recently, several large datasets of LPMSS have been pub-
lished [21]-[24] in support of the GNSSR TC wind sensing
effort. The L-band LPMSS is the integrated contribution of
waves longer than about 0.6 m. These long-scale (compared
to the EM wavelength) surface waves are the tilting facets that
cause changes of the local incidence angle to be different from
the nominal incidence angle. The LPMSS is especially useful
for examining the longer portion of the cmDm waves when
combined with a wind wave spectral model accommodating a
variable spectral slope [25], [26]. The spectrum model incorpo-
rating the modification in the longer portion of the cmDm waves
are denoted H2018 here. Another major modification of H2018
is the revised drag coefficient formula that takes into account
the recent analyses of microwave radiometer data, as discussed
in the following.

C. Drag Coefficient, Whitecap Coverage, and Microwave
Radiometer Measurements

Because of the large scatter in the field data of drag coefficient
C1 and whitecap coverage W, there have been many different
formulas proposed in the literature [27]-[43]. The friction ve-
locity u, is used in the parametric model of surface roughness
spectrum and in many models of whitecap coverage W.. As
discussed earlier, the friction velocity, which is proportional
to the square root of the surface wind stress, relates to wind
speed by the drag coefficient; thus, C19(Uip) and u,.(Ujg) are
equivalent representations. Obviously, for a given wind speed
different C1o formulas produce different surface wind stresses
that quantify the ocean surface roughness and whitecap coverage
in scattering or emission computation. Open-ocean datasets of
drag coefficient and whitecap coverage from different sources
are used to study Cig, u,, and W, [27]-[40], many of the drag
coefficient measurements are obtained inside hurricanes.

Microwave radiometer measurements represent an alternative
data source for addressing the confusing state of modeling Cy
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and W_. The stepped frequency microwave radiometer (SFMR)
measures BTs of the ocean surface at six C-band microwave
channels [44] and it has been used to obtain TC rain rate and wind
speed for decades by now [45], [46]. A recent comprehensive
analysis of several hundred sets of SFMR measurements from
hurricane reconnaissance and research missions [47] is em-
ployed for examining different formulas of the drag coefficient
and whitecap coverage [48]. The analysis demonstrates that
microwave radiometer data are useful for evaluating Cy¢ and
W, formulas. The optimal Cyo and W, functions determined
from the study are

107* (—0.0160U7,

Cro={ +0.967U1 +8.058), U < 35 m/s 3)
2.23 x 1073(U10/35)"", Upo > 35m/s
0, u, < 0.11 m/s

We =< 0.30(u, —0.11)%, 011 <wu, <040m/s . (4)
0.07u2, u, > 0.40 m/s

These optimal Cig and W, functions are used in all the
microwave computations presented in the rest of this article.

III. DIScUsSION

A. Feedback to Microwave Emission Computation

The validity of (3) and (4) is further evaluated with additional
microwave radiometer datasets [49]-[57], as detailed in [58]—
[60]. As mentioned earlier, the H2018 wave spectrum model
incorporates the updated Cy function and revision of cmDm
waves derived from GNSSR LPMSS analysis. The first applica-
tion of the H2018 model is documented in [58] for microwave
radiometer BT computation. These studies [58]-[60] summarize
the results of analyzing a wide range of microwave radiometer
data sources of both horizontal and vertical polarizations, with
frequency ranging from 1 to 37 GHz, earth incidence angle (EIA)
from 0° to 65°, and wind speed extending to more than 90 m/s.
The data sources include the following:

SEMR (to ~70 m/s, 4.7 to 7.2 GHz, 0° EIA);

WindSat (to ~43 m/s, 6.8, 10.7, 18.7, 23.8, and 37.0 GHz, 49°
to 54° EIA);

Soil moisture active passive (SMAP) (to ~90 m/s, 1.4 GHz, 40°
EIA); and

Soil moisture and ocean salinity (SMOS) (to ~44 m/s, 1.4 GHz,
10° to 65° EIA).

The analytical SSA/SPM solutions are in excellent agreement
with all the assembled microwave radiometer measurements.

B. Improvement in VV NRCS Computation

Fig. 1 compares the computed VV NRCS (ogy ) for Ku-,
C-, and L-band using H2018 and H2015, showing general and
consistent improvements in the results using H2018 for all
frequencies in comparison to those using H2015. The L-band
GMF shown in Fig. 1(c) is from the SMAP analyses [49], [50],
the applicable maximum wind speed extends further to 50 m/s,
the incidence angle range is from 35° to 45°. With H2018 (black
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Fig. 1. Difference between GMFs and SSA2 solutions of VV NRCS. (a) Ku-
band (14 GHz). (b) C-band (5.3 GHz). (c) L-band (1.4 GHz). The cyan curves
are results computed with H2015 spectrum model and black curves are results
with the H2018 model.

curves), the differences between GMFs and computations are as

follows:

Ku-band (within —2.2 and +1.2 dB for U 13 < 60 m/s and 6
between 20° and 45°),

C-band  (within —1.8 and +0.8 dB for U 1y < 60 m/s and 6
between 20° and 45°), and
L-band  (within —1.0 and +1.4 dB for U 15 < 50 m/s and 6

between 35° and 45°).

C. EM Model Results Incorporating Updated Ocean
Surface Properties

With the updated information on the drag coefficient, surface
roughness, and whitecap coverage implemented in the EM scat-
tering and emission models, there are considerable improvement
in the computed NRCS and excess emissivity. Good agreements
between computed VV NRCSs and field data represented by
the L-, C-, and Ku-band GMFs are achieved over a wide wind
speed range: the maximum wind speeds for the three frequencies
in the comparison study are 50, 60, and 60 m/s, respectively.
Excellent agreements are also found in comparing the SSA/SPM
EM solutions with microwave radiometer data of WindSat (6.8—
37 GHz), SFMR (4.7-7.2 GHz), and L-band SMAP and SMOS
(1.4 GHz): the maximum wind speeds for the three data groups
are about 43, 53, and 90 m/s [59]. The correlation coefficients
of model-measurement comparisons are all better than 0.97 for
both active and passive microwave sensors. These comparison
results of field measurements with active and passive microwave
computations offer confidence on the robustness of the recent
development in modeling the drag coefficient, whitecap cover-
age, and surface roughness discussed in Section II.

D. Application to Cross-Polarization Backscattering

There is considerable interest in clarifying the cross-
polarization backscattering VH from the ocean surface in
support of the planned incorporation of cross-polarization chan-
nel in the next generation microwave scatterometers [61]. Fig. 2
shows the GMFs and SSA2 solutions of VH NRCS and their
differences for C- and L-band based on H2015 and H2018
surface roughness spectrum models (no Ku-band VH GMF has
been reported yet). The C-band GMF (MS1A) used here is from
the analysis of Sentinel-1 data [62], the L-band GMF is from the
SMAP analysis [49], [50].
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Fig.2. Top: VH GMFs and SSA2 solutions. (a) C-band (5.3 GHz). (b) L-band
(1.4 GHz). Green curves are GMFs; cyan curves are SSA2 solutions with the
H2015 roughness model; black curves are SSA2 solutions with the H2018 model.
Bottom: Difference between GMFs and SSA2 solutions. (¢) C-band (5.3 GHz).
(d) L-band (1.4 GHz). The C-band GMF is from Sentinel-1 analysis [62], the
L-band GMF is from SMAP analysis [49], [50].

For the L-band results shown in the right column [see Fig. 2(b)
and (d)], the agreement between GMF and SSA2 solutions is
mostly within about 1.2 dB for H2015, and the H2018 rough-
ness spectrum yields further improvement to within +0.8 dB.
The level of agreement is similar to the VV NRCS [see Fig. 1(c)].
The outcome indicates that surface scattering dominates both
VV and VH in L-band. The SSA2 solutions, which account for
the first- and second-order Bragg scattering, are sufficient to
explain the available observations (U1 < 50 m/s and 6 between
35° and 45°) to within +1 dB. The importance of incorporating
the second-order Bragg scattering in the VH computation was
pointed out almost a decade ago by Voronovich and Zavorotny
[63], [64].

For C-band VH difference [see Fig. 2(c)], considerable im-
provement is found in the solutions computed with the H2018
roughness spectrum compared to those with the H2015 spec-
trum. The improvement increases from 1 dB at wind speed
about 25 m/s to 3 dB at 60 m/s. Overall, the agreement between
GMF and SSA2 solutions using the H2018 spectrum is within
+2 dB except for 6 = 45° and Uj9>~30 m/s, for which the
difference can grow to about 4 dB at 60 m/s. This level of
agreement is slightly worse than that of the VV comparison [see
Fig. 2(b)].

The VV and VH results with the H2018 spectrum for L- and
C-band are summarized in the following:

VV:

L-band (within —1.0 and +1.4 dB for Uy < 50 m/s and 6
between 35° and 45°),

(within —1.8 and +0.8 dB for Ui < 60 m/s and 6
between 20° and 45°)

C-band

VH:
L-band (within —0.8 and +0.8 dB for U;y < 50 m/s and 6
between 35° and 45°),

(within —0.2 and +2.6 dB for Uy < 60 m/s and
0 between 20° and 45°, except for 45° and U;p >

~30 m/s).

C-band
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Fig.3. Examples of comparing GMFs with computed NRCSs using the H2018
spectrum. (a) L-, C-, and Ku-band VV, and (b) L- and C-band VH. The statistics
printed on the upper edge of each panel are bias, slope of linear regression, RMS
difference, and correlation coefficient.

Fig. 3 presents the results in scatter plots comparing the
modeled NRCS and field data represented by the GMFs (L-,
C-, and Ku-band for VV, and L- and C-band for VH). The
maximum wind speeds for the L-, C-, and Ku-band are 50, 60,
and 60 m/s, respectively. The two dashed-dotted lines show the
42 dB envelops. The regression statistics [bias, slope of linear
regression, root mean square (RMS) difference, and correlation
coefficient] printed at the upper edge of the figure show good
agreement between computation and measurement. The VV
NRCSs are most useful for examining the surface roughness
spectrum because of the dominance by Bragg scattering.

E. Measurement Issues

The VH GMF is still evolving, especially for the C-band. One
of the main reasons is that the reported VH data from different
sources do not always agree with each other. For example, Fig. 3
shows the NRCS reported in 2015 (H15) [65], 2016 (S16) [66],
and 2017 (M17) [62] at three incidence angles. The data used
in the three studies are from RadarSat-2, airborne imaging wind
and rain airborne profiler, and Sentinel-1A, respectively. Both
H15 and S16 report VV and VH, M 17 focuses on VH to establish
a new GMF (MS1A). The GMFs superimposed with green
curves in the figure are CMODS for VV and MS1A for VH. The
agreement in the VV data from different sources is reasonably
good [see Fig. 4(a)] but the S16 VH data are obviously much
higher than the remaining two sources [see Fig. 4(b)].

Two major issues are highlighted here: polarization mixing
and signal noise; both problems are caused by the relatively
weak signal of the VH sea return. These issues have caused
considerable differences in the reported VH dependence on wind
speed, as illustrated in Fig. 4(b). The polarization mixing is
especially significant for airborne data processing due to the
aircraft pitch angle [67].

The airborne results reported in 2016 [66] and 2018 [67]
are given in Fig. 5(a) and (b). The latter has implemented a
polarization mixing correction procedure that decreases the VH
signal by as much as 6 dB over a wide range of wind speed and
incidence angle; in the figure, smooth curves are the 2016 results
and markers with error bars are the 2018 results.
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Fig. 4. Examples of microwave NRCS reported in 2015 (H15, black curves)
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three incidence angles. (a) VV. (b) VH. * M17 did not present VV, the green
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Fig. 5. Top: Airborne C-band NRCS reported in 2016 [66] and 2018 [67].
(a) VV. (b) VH, (reproducing [67, Figs. 1 and 3]). The upper panels show five
sets of averages, each over 2° of incidence angle, the lower panel show the
number of samples. Each set shifts slightly for clarity. The markers with error
bars are the 2018 results, and the smooth curves are the 2016 results, notice the
large difference in the VH data. Bottom: Sentinel-1A data reported in 2017 (VH
only) [62] and 2018 (VV and VH) [68]. (c) VV. (d) VH. The MS1A GMF (green
curves) represent the 2017 VH results in (d) and markers are the 2018 results.
For reference, magenta curves show the SSA2 solutions. Green curves in (c) are
the CMOD5 VV GMFE.

Satellite data reported in different years also show differences
of similarly large magnitude. For example, Fig. 5(c) and (d)
are the Sentinel-1A results reported in 2017 [62] and 2018
[68]. The 2018 study presents scatter plots of VV and VH
versus the SMAP wind-induced excess BT AT},. Here, markers
show the 2018 results, with AT}, converted to the surface wind
speed [59]. The MS1A GMF represents the 2017 VH results.
There are obvious and significant differences in the VH NRCS
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Fig.6. (a) Sentinel-1A NESZ for sub-bands 1-5. (b) VH NRCS at 10 m/s with
two different noise treatments; (reproducing [69, Figs. 1 and 11]).

reported in 2017 and 2018 over a wide range of wind speed and
incidence angle [see Fig. 5(d)].

For reference, magenta curves in Fig. 5(c) and (d) show
the SSA2 VV and VH solutions. As noted earlier, the C-band
difference between SSA2 solutions and GMFs is within about
4+2 dB for VV and about +2.6 dB for VH in the range of
wind speed (0-54 m/s) and incidence angle (20°-45°) illustrated
here. Except for VH in high winds greater than about 25 m/s,
the differences between measurements (markers) and GMFs are
larger than those between the SSA2 solutions and GMFs [see
Fig. 5(c) and (d)].

The noise level of microwave sensors presents another prob-
lem for processing the VH ocean returns. TC monitoring prefers
wide swatch. The extra-wide swath mode of Sentinel-1A (up
to 410 km wide) covers incidence angles from about 18.9° to
47.0°. Tt combines five sub-bands in the range direction [69].
Fig. 6(a), reproducing [69, Fig. 1], shows the noise equivalent
sigma zero (NESZ), which has a complicated incidence angle
dependence that also varies in different sub-bands. The noise
level is comparable to the expected VH NRCS in low and
moderate wind speeds, e.g., see Figs. 4(b) and 5(d). The noise
removal during data processing becomes a source of uncertainty.
Fig. 6(b), reproducing [69, Fig. 11], is an example of the VH
NRCS at 10 m/s wind speed resulting from denoising processing
with their basic model and corrected model: the difference within
a narrow incidence angle range around 27° is about 4 dB.
Because of its small magnitude, the denoising is an important
and a difficult step for VH data processing. A detailed study of
noise removal procedure is described in [70].

F. Other Issues

In this study, the VV NRCS of ocean surface backscattering
has been used to expand the cmDm wave database. The HH
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the E97 and DBP models with those obtained from (a) CMODS5.n GMF and
(b) Ku2001 GMF. The incidence angles used in the computation are 20°, 30°,
40°, and 50°. The corresponding Bragg wave numbers are illustrated in the
legends.

NRCS is not employed although its magnitude is much closer
to VV in comparison with VH. It is well known that the HH
scattering involves more than tilting and Bragg resonance mech-
anisms, as demonstrated in [71, Figs. 6 and 7] with the tilted
Bragg computation, and in [17, Figs. 3, 8, and 10] with the SSA2
computation. The agreement between computed HH solutions
and measurements starts to deteriorate at incidence angle greater
than about 35°. Wave breaking has been suggested to be a main
missing mechanism, e.g., [8], [72]-[75], but it remains uncertain
regarding how to account for the wave breaking contribution in
microwave scattering.

In addition to wave breaking contribution, directional distri-
bution is another subject that remains unsettled. Two of the most
frequently employed directional distribution functions are the
Elfouhaily ef al. (the E97 function) [7], and Donelan—-Banner—
Plant (the DBP function) [76]-[79]. However, the fidelity of
either directional distribution is questionable. An example is
shown in [17, Fig. 1] illustrating the disagreement between the
E97 function and the CMODS5.n and Ku2001 GMFs. Fig. 7
reproduces [17, Fig. 1] together with the DBP results super-
imposed, showing similar level of disagreement between the
DBP directional distribution and the GMFs. The DBP directional
function is used in this article with the understanding that neither
directional function is satisfactory. The results computed with
the E97 function is slightly worse as evaluated from agreement
between computed solutions and the GMFs. There are contin-
uous efforts intending to improve the directional distribution
function of cmDm waves, e.g., [80]-[87], but the progress is
rather slow.

IV. SUMMARY

Surface waves represent the ocean surface roughness, which
influences emission and scattering of EM waves at the air-sea
interface. In moderate to high winds, air entrained by wave
breaking modifies the dielectric properties of the surface layer.
Surface wind stress drives both surface roughness and wave
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breaking (whitecaps). With wind speed as the input oceano-
graphic/atmospheric parameter, the magnitude of surface wind
stress varies with the chosen drag coefficient formula. Conse-
quently, for the same wind speed the input roughness spectrum
and whitecap coverage for EM computation may differ from
selecting different drag coefficient formulas.

Microwave signals from the ocean surface contain the key
information of ocean surface roughness, whitecap coverage, and
drag coefficient. Refinement of surface roughness spectrum has
taken advantage of the property that Bragg resonance mecha-
nism dominates VV backscattering. The development of surface
roughness model has included in its cmDm wave database
the spectral information derive from global scatterometer VV
NRCSs and GNSSR LPMSSs. For the drag coefficient and
whitecap coverage, the effort to improve their formulations
makes use of the extensive microwave radiometer data col-
lected in TCs. The analysis shows that Cy ~ U 1’01, Uy ~ Uﬂ')‘r’,
and W, ~ U{s* in very high winds (U greater than about
35 m/s).

These recent improvements of drag coefficient, whitecap
coverage, and surface roughness are incorporated in microwave
emission and scattering models. The emission computations
yield excellent agreement with global data covering a wide range
of frequency, incidence angle, wind speed, and both vertical
and horizontal polarizations. The backscattering computations
are also in good agreement with scatterometer GMFs [see
Figs. (1)—(3)]. For L-band, the difference between analytical
solutions and GMFs is within about 1 dB for both VV and VH in
wind speed below 50 m/s and incidence angle between 35° and
45°. For Ku- and C-band VYV, the difference is within about 2
dB in wind speed below 60 m/s and incidence angle between 20°
and 45°, for C-band VH, the difference is within about +-2.6 dB
for the same wind speed and incidence angle ranges (Ku-band
VH GMF has not been reported). The difference between ana-
Iytical VH solutions and GMFs is similar to or generally better
than the difference between reported VH NRCS measurements
and GMFs or data uncertainties [see Figs. (4)-(6)].
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