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Abstract Ocean surface roughness and wave breaking are the two main contributors of radar backscat-
tering from the ocean surface. The relative weightings of the two contributions vary with the microwave
polarization: the VV (vertical transmit vertical receive) is dominated by the Bragg resonance scattering
mechanism, and the HH (horizontal transmit horizontal receive) and VH (horizontal transmit vertical receive
or vertical transmit horizontal receive) contain nontrivial non-Bragg contributions mainly produced by
breaking features. A method is developed to obtain the short-scale properties of ocean surface roughness
and wave breaking from Ku, C, and L band polarimetric sea returns. The results are used for quantitative
evaluation of the ocean surface roughness spectral models and for deriving understanding of the breaking
contribution important to microwave ocean remote sensing, in particular its dependence on wind speed,
microwave frequency, and incidence angle. Implications of the results to air-sea interaction applications are
discussed.

1. Introduction

Ocean surface roughness and surface wave breaking are two common factors important to the stud-
ies of ocean remote sensing and air-sea interaction. For example, remote sensing of the ocean surface
vector wind by microwave radars and radiometers relies on the property that the normalized radar
cross section (NRCS) and the sea surface brightness temperature are modified by the surface rough-
ness and wave breaking and that the two oceanographic parameters are strongly influenced by the
wind. For air-sea interaction processes such as gas transfer and sea spray aerosol generation, the
boundary layer turbulence properties are closely associated with the surface roughness, and wave
breaking represents a dominant source of turbulence generation and air entrainment in the upper
ocean layer.

It is difficult to obtain quantitative measurements of surface roughness and wave breaking using con-
ventional oceanographic instruments, especially in high-wind and high-wave conditions. Over the years,
airborne and spaceborne scatterometers and polarimetric synthetic aperture radars (SARs) have pro-
duced a large amount of data for the construction of copolarized (VV and HH) and cross-polarized (VH)
geophysical model functions (GMFs) with a broad coverage of wind speed ranging from mild to hurri-
cane conditions. Because the response of microwave backscattering to the sea surface condition
depends on the polarization, here we explore an empirical approach to derive the surface roughness
and wave breaking information using the polarimetric differences of radar sea returns.

Presently, there are many GMFs for several microwave frequency bands: Ku, X, C, and L. Most of
them are for copolarized returns VV and HH. Only the L and C bands offer several versions of the
VH GMF [Meissner et al., 2014; van Zadelhoff et al., 2014; Zhang et al., 2014; Hwang et al., 2015]. In
principle, they can all be used for our task of inferring the surface roughness and wave breaking
properties.

In the following, we describe the approach in section 2. Results obtained from using Ku, C, and L band radar data
are presented in section 3. The implication of roughness and breaking results on ocean surface processes, issues
of different versions of GMFs, and computational efficiency are discussed in section 4 and a summary is given in
section 5.

Key Points:
� Roughness and breaking

contributions of radar returns vary
with polarization
� VV is dominated by roughness, HH

and VH contain breaking information
� Breaking contributions depend on

wind speed, frequency, and
incidence angle
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2. Approach

2.1. The General Concept
The GMFs are treated as proxies of global ocean data of surface roughness and wave breaking reflected on
the radar backscattering through the interaction between microwave and the ocean surface. Three broad-
category components are important contributors to the NRCS: (i) scattering from the tilted surface rough-
ness component in Bragg resonance with the radar waves; (ii) the non-Bragg scattering from bubble plume
features and discrete steep waveforms associated with wave breaking occurrences; and (iii) the modification
of the relative permittivity from air entrained by wave breaking. Based on this classification, wave breaking
causes three main changes: relative permittivity, surface roughness in the Bragg resonance portion, and
non-Bragg scattering from bubble features and steep surface geometry.

Extensive studies have established that the VV is dominated by Bragg resonance scattering [e.g., Wright,
1966, 1968; Valenzuela, 1978; Plant, 1990]; therefore, it is most useful for understanding the ocean surface
roughness properties. The surface roughness reflected in the VV sea returns includes both components of
direct wind generation and breaking disturbances. In many practical applications of radar backscattering
and air-sea interaction, the distinction of the generation sources is immaterial. For our purpose, the result-
ant from both generation sources is classified simply as the surface roughness. The HH and VH have higher
degrees of breaking contributions from non-Bragg scattering mechanisms that are dependent on fre-
quency, incidence angle, and wind speed.

We propose to use the second-order small slope approximation solution (SSA2) [Voronovich, 1994] to com-
pute the Bragg resonance roughness contributions of VV, HH, and VH. The difference between GMFs and
SSA2 solutions can then be used to construct an empirical model of breaking wave contributions relevant
to radar backscattering. The version of the SSA2 solution described in Fois et al. [2014] is used in this work.
In the case that the GMF is available for copolarized returns only, we also explore the composite-surface (or
tilted) Bragg scattering solution (CB) [e.g., Valenzuela, 1978; Plant, 1990], which is computationally much
more efficient than the SSA2 (about 1:800 ratio). The version of the CB solution described in Hwang et al.
[2010] is used in this study.

In essence, we treat the GMFs as the sum of Bragg and non-Bragg contributions, corresponding to the
roughness and breaking contributions classified in this paper. Using the property that VV, HH, and VH
have different proportions of the two contributions, we attempt to sort out the two by comparing the
GMFs with the analytical solutions of the Bragg contributions in VV, HH, and VH. This can be expressed
symbolically as

r0pq f ; h;U10ð Þ 5Gpq f ; h;U10ð Þ BR k;U10ð Þ1BB h; k;U10ð Þ½ �

5r0Rpq1r0Bpq;
(1)

where r0 is the NRCS, subscripts p and q are polarizations and can be either H or V, Gpq is the scattering
coefficient, BR is the dimensionless surface roughness spectrum, BB is the breaking contribution expressed
as an equivalent roughness spectrum, f is microwave frequency, h is incidence angle, U10 is reference wind
speed, and k is surface wave wave number. Due to the dominance of Bragg scattering, k is basically the
Bragg resonance surface wave component kB, which is related to the radar wave number ke by kB 5 ke2sinh,
therefore, k is a function of f andh. The modification of the relative permittivity from air entrained by wave
breaking impacts the scattering coefficient so Gpq is a function of f, h, and U10. Further discussion of (1) is
deferred to section 3.1 after the presentation of the modifications of relative permittivity (section 2.3) and
surface roughness spectrum (section 2.4).

The GMF established from global scattering measurements provides the total NRCS—the left-hand side of
(1), and the SSA2 or CB solution provides the roughness contribution—the first term on the right-hand side.
The difference between the two thus gives us the important information of the breaking contribution. It is
recognized that the NRCS is also dependent on the azimuth angle / (the radar pointing direction with
respect to the wind direction). However, the fidelity of the directional distribution of roughness spectral
models is questionable. For example, one of the most frequently used spectrum model for microwave com-
putations is the E spectrum [Elfouhaily et al., 1997]. The directional distribution of the E spectrum is given by

D /ð Þ5 11B2cos 2/ð Þ½ �=2p; (2)
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where u� is the wind friction velocity, c is the phase speed of wave component with wave number k, sub-
script m represents the wave component with minimal phase speed, and subscript p is the wave spectral
peak component. As discussed in section 1, the VV NRCS is dominated by the resonant Bragg scattering
and we can use the VV GMF to investigate the directional distribution of the ocean surface roughness. The
directional distributions of GMFs are typically expressed as

D /ð Þ5 11B1cos /ð Þ1B2cos 2/ð Þ½ �=2p: (4)

Figure 1 compares the B2 coefficients based on the E spectral model and the CMOD5.n GMF [Hersbach et al.,
2007; Verspeek et al., 2010] and Ku2001 GMF provided by Remote Sensing Systems (D. Smith, personal com-
munication, 2009), showing large discrepancies between the model and observations. Because the method
described in this paper for quantifying the surface roughness and breaking properties relies on the differ-
ence between GMFs and model computations, it is judged that the directional resolution of the model com-
putation is not reliable at this stage. We are currently investigating the directional distribution issue. The
result will be reported in a future paper.

2.2. Baseline Case
Here we illustrate as an example using the C band co- and cross-polarization GMFs for our analysis. The VV
is based on CMOD5.n. The HH uses the CMOD5.n combined with the VV/HH polarization ratio, with the
wind speed and incidence angle dependence established with the RADARSAT-2 (R2) quad-polarization data
and the directional distribution of Mouche et al. [2005]; the detail is described in Hwang et al. [2010, Appen-
dix A2]. The VH is from the empirical GMF established with dual-polarization (VV, VH) R2 wide-swath data
with collocated buoy, stepped frequency microwave radiometer (SFMR), and H*Wind data sources from 19
hurricane wind scenes [Zhang et al., 2014; van Zadelhoff et al., 2014]; the detail is described in Hwang et al.
[2015].

The NRCS based on the GMFs, computed for U10 between 3 and 60 m/s and h between 20 and 508, are
shown in Figure 2a. As mentioned earlier, among these three polarizations, HH and VH are more sensitive to
wave breaking in relative terms referenced to the Bragg scattering component. This is especially the case at
high incidence angles, where scattering from Bragg resonance surface waves is very small. The wave break-

ing effects are less visible in VV
because of the high Bragg contri-
bution. Although our computa-
tions extend to 60 m/s, it is
understood that the quality and
quantity of high wind data used
in the formulation and verifica-
tion of GMFs are still evolving.
Issues such as the drag coeffi-
cient relating the wind friction
velocity and reference wind
velocity are also troublesome in
the high-wind region. However,
the approach described here can
be adapted to the improved
GMFs in the future without major
modification.

As a baseline reference, the
SSA2 solutions without

Figure 1. Comparison of the E spectrum directional distribution coefficient B2 [Elfouhaily
et al., 1997] with that obtained from (a) CMOD5.n GMF and (b) Ku2001 GMF. The incidence
angles used in the computation are 20, 30, 40, and 508. The corresponding Bragg wave
numbers are illustrated in the legends.
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considering the relative permittivity modification by foam are calculated using the published E (Figure
2b) and H (Figure 2c) roughness spectra: E for Elfouhaily et al. [1997] and H for Hwang et al. [2013]. The H
spectral model includes swell influence, qualitatively increasing from 1 to 4. The results shown in Figure
2c represent mild swell influence (H2), close to the average of all the data used in the formulation of the
H spectrum. The H spectrum is 1-D and can be coupled with various designs of the directional distribu-
tion function. To be consistent, the spreading function of the E spectrum is used for the H spectrum in
this analysis. Both spectral models require the specification of friction velocity u� as a function of the ref-
erence wind speed U10. There are currently many different formulas of the drag coefficient C10 connect-
ing u� and U10. In the present installation, we use the same formula discussed in Hwang et al. [2013] for
both spectral models

C1051025 -0:16U2
1019:67U10180:58

� �
: (5)

Figure 3 shows the NRCS ratio dr0pq between the GMF and SSA2 solutions (GMF/SSA2) in dB values. A nega-
tive value means that the SSA2 solution is larger than the GMF value. Our basic assumption is that the GMF
is the sum of contributions from roughness and wave breaking, and the SSA2 is the roughness contribution
alone. When the GMF is less than SSA2, then either the roughness contribution is overestimated or the
breaking contribution is negative. The former indicates overspecifying the Bragg-scale surface roughness.
The latter can be from modification of the relative permittivity by the breaking entrained air. The air causes
a decrease of the effective relative permittivity and thus reduces backscattering as a result of decreased
reflectivity (section 2.3).

The VV is dominated by Bragg resonance scattering; therefore, it is especially useful for evaluating the
roughness spectral models. For the baseline computations (Figures 3a–3c), the SSA2 solutions using the H
spectral model are larger than the GMF in low and moderate winds (U10��12 m/s) for the whole range of
incidence angles shown (20–508), and at h 5 20 and 308 across the full range of wind speeds. This would
indicate an overspecification of the Bragg resonance roughness spectral components. For the C band com-
putations shown here, the Bragg wave numbers are 76, 111, 143, and 170 rad/m for the four incidence
angles 20, 30, 40, and 508, respectively. The SSA2 VV solutions of the baseline computations using the E
spectrum is in excellent agreement with the GMF at h 5 208. For 30–508, the difference increases toward
higher incidence angles.

To further address the discrepancy between the Bragg solutions and the GMFs, the relative permittivity
modification by the breaking entrained air needs to be implemented. The difference between the SSA2
solution and the VV GMF can then provide some guideline for the roughness model refinement. The

Figure 2. (a) C-band GMFs for VV, HH, and VH used in this study; (b) SSA2 solutions for VV, HH, and VH using the E roughness spectrum
[Elfouhaily et al., 1997]; and (c) SSA2 solutions for VV, HH, and VH using the H roughness spectrum [Hwang et al., 2013].
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procedures to modify the relative permittivity and roughness spectral model are discussed next (sections
2.3 and 2.4). In the bottom row of Figure 3 we present a preview of the resulting dr0pq following the imple-
mentation of the two modifications. There is a general improvement in the VV computed with the refined H
spectrum, particularly in the lower wind regime. (The two versions of the H spectrum model are referred to
as H13 and H15 when distinction is necessary.) A procedure to retrieve the breaking information using the
resulting dr0HH and dr0VH is discussed in section 3.1.

2.3. Modification of the Relative Permittivity
For the relative permittivity modification, an equivalent medium approach using the mixing rule as
described in Hwang [2012] is adapted. The relative permittivity differs significantly in air and in water for
microwave frequencies; therefore, even a small amount of air can produce a large change in the relative
permittivity of the resulting mixture. To account for the effect of entrained air, ideally we need to know the
fraction of air in water (void fraction) and the vertical distribution of the bubble clouds carrying the air into
water.

Considering the lack of such detailed oceanographic information of bubble cloud distribution and the small
penetration depth of microwaves—for example, the skin depth is about 2 mm at 10 GHz [Plant, 1990]—
Hwang [2012] uses the fraction of whitecap coverage as a proxy of the void fraction in the mixing rule for
the evaluation of an effective relative permittivity ee. The approach renders the problem of ocean emission
of foamy water from 3-D to 2-D (horizontal). The whitecap fraction represents an upper bound of the void
fraction because it is equivalent to assuming 100% of air in the depth of microwave influence under the
foamy area, whereas the actual air entrainment decreases exponentially with water depth [e.g., Wu, 1981;
Hwang et al., 1990]. The effective relative permittivity ee of the air-water mixture is computed with the quad-
ratic mixing rule in a similar way as discussed in Anguelova [2008]

ee5 fae
1=2
a 1 12fað Þe1=2

sw

h i2
; (6)

where esw is the relative permittivity of seawater without whitecaps, ea 5 1 is the relative permittivity of air,
and fa is the air fraction approximated by the whitecap fraction.

Following the analysis presented in Hwang [2012], the formula for fa is parameterized with the friction
velocity u� using the whitecap data reported in Callaghan et al. [2008]:

Figure 3. The ratio GMF/SSA2 (C band). (top row) the baseline computations without considering relative permittivity modification by
foam: (a) VV, (b) HH, and (c) VH; results for E and H spectra are displayed; (bottom row) the corresponding results after including the modifi-
cations of relative permittivity and H roughness spectrum discussed in sections 2.3 and 2.4, respectively.
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The emissivity calculated by 1 2 |R2| with the ‘‘equivalent medium’’ relative permittivity produces similar
results as that using the mixing rule applied to the emissivity of foamless sea surface area and the emissivity
of 100%-foam area as treated in Stogryn [1972] for the H polarization but the two solutions differ signifi-
cantly for the V polarization in high winds (|R2| is the Fresnel reflection coefficient). Figure 4 shows examples
of emissivity computed for C and Ku bands using the two algorithms for several wind speeds between 0
and 51 m/s. The results of Hwang [2012] (labeled H12) are shown with continuous lines and the results of
Stogryn [1972] (labeled S72) are shown with markers.

The calculated brightness temperature as a function of wind speed based on the equivalent medium
approach is in very good agreement with a global data set of WindSat microwave radiometer measure-
ments with wind speed coverage up to about 42 m/s [Meissner and Wentz, 2009]. The WindSat measure-
ments include five microwave frequencies (6, 10, 18, 23, and 37 GHz) for both vertical and horizontal
polarizations, and the nominal incidence angle is 538 (marked with a vertical dashed line in Figure 4) [see

Figure 4. Comparison of the emissivity of a flat surface covered with foam from wave breaking, computed with the equivalent medium
approach of Hwang [2012]: H12 (lines), and the formula by Stogryn [1972]: S72 (markers). The second column in the legend is wind speed
in m/s. (a) C band 5.3 GHz and (b) Ku band 14 GHz.

Figure 5. Comparison of wind-induced brightness temperature computed with emissivity modification treated by the equivalent medium
approach of Hwang [2012] and (a) the roughness model of Hwang et al. [2013], labeled H13; and (b) the modified roughness model
described in section 2.4, labeled H15.
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Hwang, 2012, Figure 3; Hwang et al., 2013, Figure 9]. Figure 5 shows the scatterplots of the observed wind-
induced brightness temperature DTb with that computed with the equivalent medium approach [Hwang,
2012], the results based on two versions of the H spectra are illustrated: (a) for Hwang et al. [2013]: H13, and
(b) for the modified model described in section 2.4: H15. The statistics of bias, slope of linear regression,
root mean squares (RMS) difference, and correlation coefficient for the two sets of calculations are (0.025 K,
1.07, 5.42 K, 0.96) for the former and (0.74 K, 1.04, 4.46 K, 0.96) for the latter. The total number of data popu-
lation is 80.

Incorporating the foam-modified relative permittivity, the computed NRCS is always smaller than that with-
out considering the modification as a result of decreased Fresnel reflection coefficients. Figure 6 shows the
impact on VV, HH, and VH computed with the E and H spectra. There is only small difference between using
different roughness spectra and the effect is strongest for VH. Over all, the foam modification of NRCS com-
putation is only important in very high winds and can reach to about 2 dB; for wind speeds less than 20 m/
s, the modification is less than about 0.25 dB, i.e., less than 6% difference.

2.4. Modification of the Roughness Spectrum
The H roughness model is constructed with the observed similarity relationship expressed as a power law
between the dimensionless spectrum B(k) and the dimensionless wind forcing parameter u�/c as have been
discussed in Hwang and Wang [2004] and Hwang [2005]

B
u�
c

; k
� �

5AðkÞ u�
c

� �aðkÞ
: (8)

The parameters A(k) and a(k) are obtained from a free-drifting wave gauge (FDWG) system deployed in sev-
eral field experiments conducted in the Gulf of Mexico. They can also be extracted from microwave radar
and radiometer measurements, e.g., see the summary of the wind speed exponent a(k) given in Hwang
[1997] and Trokhimovski and Irisov [2000], as well as the radar spectrometer analysis of the roughness spec-
tral components using Ku, C, and L band VV GMFs to derive both A(k) and a(k) as discussed in Hwang et al.
[2013].

Figures 7a and 7b summarize the results from in situ and remote sensing measurements. The previous ver-
sions of the H roughness spectral model rely heavily on the in situ FDWG data. Figure 7a shows that the
radar obtained A(k) is generally lower than that from the FDWG in the C and L band region. Because A(k) is
proportional to the amplitude of the power-law function (8), the Bragg roughness is overestimated, as con-
cluded in section 2.2.

The task of roughness model refinement involves the formulation of A(k) and a(k) incorporating, and plac-
ing more weight to, the remote sensing data. The details of the algorithm to compute the H roughness
spectrum have been documented in Hwang et al. [2013, Appendix]. The only change in the present refine-
ment is the fifth-order polynomial fitting functions of A(k) and a(k) for the middle branch k1< k� k2, with

Figure 6. The impact on the C band NRCS computation by the foam modification of the relative permittivity; results are shown for (a) H
spectrum and (b) E spectrum.
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the revised range of k1 5 1 and k2 5 500 rad/m. Using the notations kln 5 ln(k), Aln 5 ln(A), and aln 5 ln(a),
the polynomial fitting with greater weighting for the radar data produces

Aln 521:635631023k5
ln 14:108431022k4

ln 23:678931021k3
ln

11:3888k2
ln 22:2193kln 23:3179;

aln 51:401331023k5
ln 22:699731022k4

ln 11:573931021k3
ln

21:302031021k2
ln 27:520231021kln 12:380831022:

(9)

Figures 7c and 7d show the resulting 1-D displacement spectrum F(k) and the dimensionless spectrum B(k)
computed for U10 5 10, 20, 30, and 40 m/s. The revised spectra (labeled H15) are compared with the version
presented in Hwang et al. [2013] (labeled H13). Although the difference appears to be small, the impact on
the NRCS computation is quite significant (section 3).

As have been done in Hwang [2008], Hwang and Plant [2010], and Hwang et al. [2013], we also made com-
parisons of the low-pass filtered mean square slopes (MSS) integrated from the revised spectrum with the
field data obtained by an optical method (sun glitter analysis) [Cox and Munk, 1954] and Ka [Walsh et al.,
1998; Vandemark et al., 2004], Ku [Jackson et al., 1992], and C [Hauser et al., 2008] band radars. The agree-
ment remains comparable with the earlier versions because the band-passed integration quantity is not
very sensitive to minor spectral modifications. Also, because the asymptotic functions toward both high
and low wave numbers remain the same as those of H13, the integrated total MSS is bounded, as has been
discussed in Hwang et al. [2013, section 5a].

3. Result

3.1. C Band
After implementing the modification of relative permittivity by air entrained by wave breaking and refine-
ment of the surface roughness model incorporating the remote sensing results, the VV agreement with
GMF improved for the H spectrum, especially in the low-wind portion (Figure 8). Over all, the ratio dr0VV is
mostly between 22 dB and 13 dB for wind speeds between 0 and 60 m/s, and incidence angles between
20 and 508. For the E spectrum the VV ratio is between 21.5 and 4.5 dB. A side-by-side comparison with the
baseline case has been presented in Figure 3.

Figure 7. The data of (a) A(k) and (b) a(k), for the H spectral model combining both in situ oceanographic instruments and microwave
remote sensors for refining the H roughness spectrum model; (c, d) are the modified 1-D displacement and dimensionless spectra (labeled
H15). The modified spectra are compared with the version of Hwang et al. [2013]: H13.
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Given the complex nature of the surface roughness produced by wind wave generation and breaking dis-
turbances, it is unlikely that the relatively simple construction of the surface roughness spectrum models
can be further improved significantly to achieve agreement much better than within 63 dB over a wide
range of wind speed, incidence angle, and microwave frequency. As a final step, the ratio of VV(GMF)/
VV(SSA2), denoted as drVVadj, is computed as an ad hoc correction of the surface roughness spectrum (drVV

in Figure 8a is the drVVadj for CMOD5.n). The ratio is applied to the HH and VH SSA2 solutions, and the differ-
ence or ratio with the GMF gives the information of breaking contribution. The surface roughness and
breaking contributions can then be separated from the polarimetric measurements. Rewriting (1) symboli-
cally for the VV, HH, and VH NRCS as

r0VV f ; h;U10ð Þ 5GVV f ; h;U10ð ÞBRadj k;U10ð Þ

5r0RVV 5r0VVGMF

r0HH f ; h;U10ð Þ 5GHH f ; h;U10ð Þ BRadj k;U10ð Þ1BBHH k;U10ð Þ
� 	

5r0RHH1Dr0HHadj5r0HHGMF

r0VH f ; h;U10ð Þ 5GVH f ; h;U10ð Þ BRadj k;U10ð Þ1BBVH k;U10ð Þ
� 	

5r0RVH1Dr0VHadj5r0VHGMF ;

(10)

where subscript adj indicates that the roughness spectrum is adjusted so that the computed VV Bragg solu-
tion (r0RVV) matches the VV GMF, and the D quantity is the difference between HH or VH GMFs and the cor-
responding SSA2 solution of the Bragg contribution. Figure 9 displays the results of breaking contribution
obtained from the co- and cross-polarization C band (5.3 GHz) GMFs discussed in section 2.2, showing a
general quadratic to cubic wind speed dependence for U10<�20–30 m/s (upper row).

The breaking contribution can also be expressed in terms of the equivalent roughness with reference to the
Bragg surface roughness

dr0pqadj5
r0pqGMF

r0Rpq
5

BRadj1BBpq

BRadj
; (11)

where subscript pq is HH or VH. The result is shown in dB scale in the bottom row of Figure 9. The relative
weighting of the breaking contribution for the HH polarization depends strongly on the incidence angle. In
contrast, the incidence angle dependence is less certain for the VH relative breaking contribution.

Figure 8. Comparison of C band GMFs and SSA2 solutions incorporating the modification of relative permittivity by foam, calculated with
the E and H15 spectra: (a) VV, (b) HH, and (c) VH. The corresponding ratios GMF/SSA2 are shown in Figures 8d–8f.
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The VH signal level is notoriously low and frequently below the system noise level in low wind speeds
and high incidence angles. Taking this factor into account, then the trend of dr0VHadj for U10>�10 m/s
can be divided into two groups: prior- and post-signal saturation, and the incidence angle dependence
in the two groups are reversed (Figure 9d). However, the issue of VH signal saturation remains unsettled.
Refinement of the C band VH GMF in the future may provide a better estimation of the breaking contri-
bution in VH.

With respect to the HH result, it is noted that the Envisat-ASAR and R2 quad-polarization database used to
produce the C band HH GMF is restricted to h between about 20 and 458 and wind speed less than about
20 m/s. The results extrapolated beyond the range should be treated with caution.

3.2. Ku and L Bands
Figure 10 shows the Ku band (14 GHz) results using the Ku2001 GMF. The Ku band GMF is available for VV
and HH only. The top row shows the comparison of the GMF with the computed VV and HH NRCS using the
E and H spectra over the range of 20–508 incidence angle and 3–60 m/s wind speed. The roughness adjust-
ment factor drVVadj is mostly within 62 dB using the H spectrum and the range is slightly larger using the E
spectrum (Figure 10c). The breaking contribution derived from comparing the GMF and SSA2 solutions are
shown in Figures 10d (ratio) and 10e (difference). The results are similar to the C band computation but the
wind speed dependence is somewhat steeper for the Ku band (compare Figures 9a and 10e).

Meissner et al. [2014] report L band (1.4 GHz) VV, HH, and VH NRCS data from the Aquarius satellite with
wind speed coverage from 0 to 35 m/s and three incidence angles (29.4, 38.4, and 46.38). Figures 11a–11c
show the comparison between the SSA2 solutions and the Aquarius data. Both H and E spectral models per-
form quite well as indicated in the small values of drVVadj (Figure 11d). (Note the low-wind portion of the
SSA2 solution is not very good because of the relatively coarse setup of the wave number vector represent-
ing the surface roughness spectrum in order to speed up the numerical computation, see discussions in sec-
tion 4.2 on the comparison of CB and SSA2 solutions.) The breaking contribution expressed as an
equivalent roughness (and given as the ratio dr and difference Dr) is shown in Figures 11e and 11f for the
HH polarization, and in Figures 11g and 11h for the VH polarization. Compared to the C and Ku band results
(Figures 9 and 10), the magnitude of L band breaking contribution is smaller and its wind speed depend-
ence is weaker.

Figure 9. The final result of wave breaking contribution considering modification of relative permittivity by foam, refinement of roughness
model and adjusting VV SSA2 solution to agree with the VV GMF. (left column) HH, (right column) VH; (top row) obtained from the differ-
ence GMF-SSA2, (bottom row) obtained from the ratio GMF/SSA2.
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4. Discussion

4.1. Roughness and Breaking in Air-Sea Interaction
A very useful quantity of the ocean surface roughness for air-sea interaction applications is the band-pass-
filtered mean square slope. For example, many studies have shown that the correlation between gas trans-
fer velocity and ocean surface MSS integrated over some range of wave number k is considerably better
than the correlation between gas transfer velocity and wind speed [e.g., Bock et al., 1999; Frew et al., 2004,
2007]. Frew et al. [2004] quantify the difference with field data: referenced to the wind speed correlation
coefficient of about 0.77, the MSS correlation coefficient improvement ranges from 0.81 (k range 40–100
rad m21) to 0.92 (k range 400–800 rad m21). Frew et al. [2007] describe an application of dual-frequency (Ku
and C band) spaceborne altimeter data for global estimation of air-sea gas transfer velocity fields. The

Figure 11. Comparison of L band Aquarius data and SSA2 solutions calculated with the E and H15 spectra: (a) VV, (b) HH, and (c) VH; (d)
the VV adjustment factor GMF/SSA2; and the derived breaking wave contribution shown as (e) HH ratio GMF/SSA2, (f) HH difference GMF-
SSA2, (g) VH ratio GMF/SSA2, and (h) VH difference GMF-SSA2.

Figure 10. Comparison of Ku band GMF and SSA2 solutions calculated with the E and H15 spectra: (a) VV and (b) HH; (c) the VV adjustment
factor GMF/SSA2, and the derived HH breaking wave contribution shown as (e) HH ratio GMF/SSA2 and (f) HH difference GMF-SSA2.
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relevance of small-scale surface
roughness to air-sea interaction proc-
esses is also demonstrated in a recent
publication reporting the improved
correlation between the sea spray
aerosol production and the rough-
ness component of the microwave
radiometer brightness temperature at
10.7 GHz (compared to the correla-
tion with wind speed) [Savelyev et al.,
2014].

We can also use scatterometer or SAR
to obtain the band-pass-filtered MSS.
Figure 12 shows the wind speed rela-
tionship of the MSS integrated over
the incidence angles of the L, C, and
Ku band NRCS discussed in Figures
9–11, i.e., 29–468 for the L band, and
20–508 for the C and Ku bands. The
top row (Figures 12a–12c) shows the
results using the H spectrum, and the
bottom row (Figures 12d–12f) shows
the corresponding results using the E
spectrum. The range of Bragg reso-
nance wave number (in rad/m) for

each frequency band is shown between the top and bottom figures. The solid BR(k) curve is based on the
roughness spectral model and the dashed BRadj(k) curve is based on the VV GMF (10). The agreement
between spectral models and radar observations is generally quite good. Based on the analysis of Frew
et al. [2004] described at the beginning of this section, the MSS from Ku band frequency range is probably
very useful for air-sea interaction studies.

The breaking contribution represented as an equivalent roughness is also integrated to get the equivalent
MSS and shown in Figure 12 together with the surface roughness MSS. The dashed-dotted curve represents
the HH result and the dotted curve for the VH result. The breaking contribution in radar backscattering is
strongly dependent on the incidence angle and it is relatively weak for h less than about 408, as shown in
Figures 9–11. For airborne, shipborne, land or tower-based radar systems, the incidence angle can be
extended considerably toward grazing and the signal of breaking contribution would be much higher. The
range of wave number coverage for a given radar frequency also expands with increased incidence angle
coverage, as estimated by the Bragg resonance equation: kB 5 ke2sinh.

4.2. CB and SSA2 Solutions
The computation of SSA2 solution is very complex and time consuming since it requires the calculation of
fourfold integrals with oscillating functions [Fois et al., 2014]. For example, the results presented in this
paper are typically computed for the incidence angle h from 20 to 758 in 58 intervals and azimuth angle
/ 5 0, 90, and 1808. For each wind speed, the computation time is about 81 min 5 4860 s using a desktop
personal computer (64 bit Windows 7 Operating System, 2.80 GHz IntelVR processor with 32 GB installed
memory). For each microwave frequency it takes about 26 h to complete a series of wind speed U10 5 3–
60 m/s in 3 m/s steps. In comparison, for the same configuration the computation time of the CB solution is
about 6 s for one wind speed, and 120 s for the wind speed series of each microwave frequency. Given the
great disparity of the computation cost between the two solutions (�800:1), it is worthwhile to investigate
the relative merit of the costs and trade-offs.

As discussed in section 3.2 regarding the L band computations, the SSA2 solution uses a coarse wave num-
ber vector to represent the surface roughness spectrum (256 log-spaced elements to cover the k range
between 2p/376 rad/m and 5ke). As a consequence, the computed results for low winds are not very good.

Figure 12. Mean square slopes integrated from spectral models (top row for H15 and
bottom row for E) and radar backscattering: (a, d) L band, (b, e) C band, and (c, f) Ku
band; both surface roughness and breaking equivalent roughness are presented.
Curves labeled BR, solid (black) lines, are from spectral model; BRadj, dashed (magenta)
lines, are from VV GMF; BBHH, dashed-dotted (blue) lines, are HH breaking component;
and BBVH, dotted (green) lines, are VH breaking component. The range of integrated
wave number is shown between the top and bottom figures for each microwave
frequency.
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The CB solution is computed on the integrated upwind and crosswind low-passed mean square slopes and
the Bragg resonance component of the wave spectrum. The dependence on the spectral wave number
resolution is less severe than the SSA2 solution. The CB solution discussed in this paper in fact uses a coarser
wave number grid than the SSA2 solution—141 log-spaced elements covering the range 10232104 rad/m.
The SSA2 and CB solutions for the Aquarius L band are compared in Figure 13. The problem of the low
wind region in the SSA2 solution disappears in the CB solution as a consequence of decreased dependence
on the wave number resolution for representing the roughness spectrum.

Figure 14 shows the computational results of SSA2 and CB solutions for the C band frequency; the GMF
is superimposed for reference; the top row is computed with the H spectrum and the bottom row with
the E spectrum. Generally, there are only small differences between the SSA2 and CB solutions in the
copolarization (VV and HH) computations using the E spectrum, but up to 2 dB difference is found in the
low incidence angles (h<�308) and high winds (U10>�20 m/s) using the H spectrum. The exact cause

Figure 13. Comparison of the (top row) SSA2 and (bottom row) CB solutions calculated with the E and H15 spectra for the L band Aquarius
data: (a, d) VV, (b, e) HH, and (c, f) VH.

Figure 14. Comparison of the C band SSA2 and CB solutions, the GMFs are also plotted for reference. The computation with the (top row)
H15 spectrum and (bottom row) E spectrum: (a, d) VV, (b, e) HH, and (c, f) VH.
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is unknown at this stage. There is significant underestimation of the CB solution for the cross polariza-
tion (VH), which has been pointed out by Voronovich and Zavorotny [2011, 2014] as caused by the
importance of the second-order Bragg scattering for the VH. The SSA2 solution includes the first and
second-order Bragg components whereas the CB solution only accounts for the first-order Bragg
component.

The agreement between the Bragg solutions (SSA2 and CB) with the GMF is generally quite good for VV. Dif-
ferences between the Bragg solutions (SSA2 and CB) with the HH and VH GMFs are used to extract the
breaking information. Applying the analysis procedure of separating the surface roughness and wave break-
ing contributions described in section 3.1 to the CB solution, the MSS of surface roughness and equivalent
breaking roughness based on the copolarization calculations are basically the same as those obtained from
the SSA2 solutions (compare Figures 12 and 15). The CB calculated cross-polarization breaking equivalent
roughness is much higher, reflecting the underestimation of the CB solution for the cross-polarization
returns.

Figure 16 shows the ratio dr0VHadj (11), which represents the VH wave breaking equivalent roughness with
reference to the Bragg roughness. The results are computed for the two-frequency bands with cross-
polarization GMFs available: C and L from R2 and Aquarius, respectively. The CB solution (darker curves) is
about 3–4 dB (2–2.5 times) higher than that of the SSA2 solution (lighter curves); the level of CB underesti-
mation differs only slightly between the E and H roughness spectra. We can apply this result to enhance the
surface roughness spectrum by the dr0VHadj factor in cross-polarization computation using the CB solution
and take advantage of the 800:1 computation time saving.

Figure 17 shows the ratio dr0HHadj, which represents the HH wave breaking equivalent roughness with refer-
ence to the Bragg roughness. The results are computed for Ku, C, and L bands. The difference between the
SSA2 and CB solutions is relatively small using the E spectra but may differ by as much as 2 dB toward high
incidence angle using the H spectrum. The breaking contribution is significantly smaller in L band than in C
and Ku bands.

Figure 18 shows the ratio dr0VVadj. This quantity [VV(GMF)/VV(SSA2) or VV(GMF)/VV(CB)] is useful for evaluat-
ing the roughness spectral models because the VV is dominated by the Bragg resonance scattering: the
closer of this ratio to 1.0 (0 dB) the better agreement of the Bragg solution to the VV GMF. The Bragg

Figure 15. Same as Figure 12 but the results are based on the CB solution.
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solutions calculated with the modified H spectrum described in section 2.4 yield the range of dr0VVadj

mostly within 22 to 13 dB over the range of wind speeds between 3 and 60 m/s, and incidence angles
between 20 and 508 for the three-frequency bands (Ku, C, and L) we have evaluated. The E spectrum also
performs well but with somewhat larger differences with the GMFs.

4.3. Other Issues
In this paper, we describe a method to extract the ocean surface roughness and small-scale wave breaking
information from the radar backscattering in different polarizations. There are three components in the

Figure 16. The difference between the CB and SSA2 solutions of the VH breaking contributions in terms of the ratio GMF/CB and GMF/
SSA2, (a) C band and (b) L band. Results for using the E and H spectra are identified in the legend.

Figure 17. The difference between the CB and SSA2 solutions of the HH breaking contributions in terms of the ratio GMF/CB and GMF/
SSA2, (a) Ku band, (b) C band, and (c) L band. Results for using the E and H spectra are identified in the legend.
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computational procedure: electromagnetic (EM) scattering models, NRCS measurements, and surface
roughness spectrum models. Of the three, the component of the surface roughness spectrum models is the
weakest link. This is the main reason that although the EM theory of microwave scattering from roughness
surfaces is well researched, operational algorithms rely on empirical relations established from correlating
collocated and simultaneous data sets of in situ wind speeds and backscattering cross sections, rather than
relying on theoretical models. An extended discussion has been presented in Hwang et al. [2002].

We hope to narrow this gap by making use of the good quality of theoretical models and NRCS measure-
ments to improve the ocean surface roughness models. ‘‘Calibrated’’ with the VV GMF, the H spectrum is
now generally within about 22 to 13 dB accuracy. The ratio between VV GMF and model solution can be
applied to the H spectrum to obtain the ocean surface roughness spectrum ‘‘as the radar sees it.’’ The
adjusted roughness spectrum is then used for computing the Bragg component of the HH and VH NRCS.
The difference from the HH and VH GMFs can then provide useful information about the small-scale wave
breaking properties.

We emphasize that such level of the error of analytical computation (caused mainly by the roughness mod-
els) is still far from useful for
improving operational applica-
tions of wind retrieval using radar
backscattering. For an illustration,
Figure 19 shows an example of
the analytical computation errors
expressed in terms of dr0 and the
inaccuracy of retrieved wind
speed DU10. The error of a frac-
tional dB in NRCS can translate to
a rather large wind speed error in
high winds where the gradient
dU10/dr0 is rather large, reaching
infinity in case of signal satura-
tion. The advance we are seeking
to achieve is the improvement of
ocean surface properties (the

Figure 18. The difference between the CB and SSA2 VV solutions in terms of the ratio GMF/CB and GMF/SSA2, (a) Ku band, (b) C band,
and (c) L band. Results for using the E and H spectra are identified in the legend.

Figure 19. Errors of model computations in terms of (a) dr and (b) DU10. The example given
is the SSA2 VV solutions using the H15 roughness spectrum compared to CMOD5.n.
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weakest link) using radar backscattering
coupled with analytical EM models.

With regards to the GMFs, there are
continuous efforts to improve the per-
formance especially for the high-wind
conditions. CMOD5.h [Soisuvarn et al.,
2013] and Ku2011 [Ricciardulli and
Wentz, 2011; Ricciardulli et al., 2012]
have shown considerable improvement
in the high-wind region compared to
CMOD5.n and Ku2001, respectively. Fig-
ure 20a shows the ratio between the
new and old GMFs. For U10 less than
about 20 m/s, the ratio is generally
smaller than about 0.3 dB, but can grow
to about 21 to 1.5 dB at high winds
(the CMOD5.h is given in lookup tables

with 50 m/s maximum wind speed). We can use this ratio to revise the computations presented in the last
two sections. An example for dr0VVadj (referenced to the H15 spectral model and CB solution) is shown in
Figure 20b. The black curves are the results using the CMOD5.n, i.e., identical to the black curves in Figure
18b; the blue curves are the revision with reference to CMOD5.h. The same procedure can be applied to the
HH and VH computations. Note that Ku2011 is given for one incident angle of each polarization (468 for HH
and 538 for VV). Because of the different incidence angles, we are not able to take advantage of the Ku
improvement for the roughness and breaking analysis described in this paper.

5. Summary

Microwave backscattering from the sea surface contains valuable information of the ocean surface rough-
ness and wave breaking that is very difficult to measure using conventional oceanographic instruments.
Making use of the property that VV, HH, and VH respond to roughness and breaking differently, a method
to extract the quantitative roughness and breaking properties is outlined. Basically, the GMFs established
from global NRCS measurements are treated as field data of roughness and wave breaking reflected in the
interaction of microwave and the sea surface. Theoretical solutions of the Bragg resonance scattering from
the surface roughness contributions for VV, HH, and VH are computed using the SSA2 and CB solutions. The
VV comparison between the GMF and Bragg solutions is useful for refining the ocean surface roughness
spectral model. Once a satisfactory roughness model is obtained, the differences between the GMF and
SSA2 solutions is used to derive the information of small-scale surface wave breaking properties. The infor-
mation is useful for microwave applications as well as air-sea interaction research in areas such as gas trans-
fer and sea spray aerosol production. We emphasize that the results regarding the dependence on
frequency, incidence angle, and wind speed as presented in this paper are based on the still-evolving GMFs
and roughness models. We expect further refinement in the future with improved accuracy of the surface
roughness models and GMFs. This assessment is based on the best information available at this stage.
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