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Abstract: A polarized bidirectional reflectance distribution function (pBRDF) matrix was devel-
oped based on the two-scale roughness theory to provide consistent simulations of fully polarized
microwave emission and scattering, required for the ocean—atmosphere-coupled radiative transfer
model. In this study, the potential of the two-scale pBRDF matrix was explored for simulating ocean
full-polarization backscattering and bistatic-scattering normalized radar cross sections (NRCSs).
Comprehensive numerical simulations of the two-scale pBRDF matrix across the L-, C-, X-, and
Ku-bands were carried out, and the simulations were compared with experimental data, classical elec-
tromagnetic, and GMFs. The results show that the two-scale pBRDF matrix demonstrates reasonable
dependencies on ocean surface wind speeds, relative wind direction (RWD), geometries, and fre-
quencies and has a reliable accuracy in general. In addition, the two-scale pBRDF matrix simulations
were compared with the observations from the advanced scatterometer (ASCAT) onboard MetOP-C
satellites, with a correlation coefficient of 0.9634 and a root mean square error (RMSE) of 2.5083 dB.
In the bistatic case, the two-scale pPBRDF matrix simulations were compared with Cyclone Global
Navigation Satellite System (CYGNSS) observations, demonstrating a good correlation coefficient of
0.8480 and an RMSE of 1.2859 dB. In both cases, the two-scale pBRDF matrix produced fairly good
simulations at medium-to-high wind speeds. The relatively large differences at low wind speeds
(<5 m/s) were due probably to the swell effects. This study proves that the two-scale pPBRDF matrix
is suitable for the applications of multiple types of active instruments and can consistently simulate
the ocean surface passive and active signals.

Keywords: active remote sensing; two-scale pBRDF matrix; scatterometer; reflectometry

1. Introduction

Spaceborne microwave instruments are crucial for the remote sensing of ocean surface
parameters. Passive instruments including WindSat, TMI, SSM/I, and AMSR2 have been
used for retrieving sea surface temperature (SST), sea surface salinity (SSS), wind speed,
and sea ice concentration [1-5]. Active instruments such as ASCAT, FY-3E WindRAD, and
JASON are used for measuring ocean surface wind vectors and wave heights [6-8]. The
passive and active microwave signals from the ocean surface are interrelated. In polarized
radiative transfer theory, ocean surface passive signals are contributed from the emissivity
vector and reflectivity vector. According to polarized Kirchhoff’s law, the emissivity vector
and reflectivity vector should be complementary to unity [9-11]. The reflectivity vector is
the integral of the ocean surface bidirectional reflectance over the upper hemisphere, while
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the bidirectional reflectance, including bistatic scattering and backscattering, which are
commonly used by active instruments, can be obtained using the pBRDF matrix [12-14].
Thus, the ocean surface-polarized microwave emission and scattering signals can be consis-
tently simulated based on the pBRDF matrix for the combined active—passive applications.
To the best of our knowledge, there have been no studies addressing the simultaneous
modeling of fully polarized active and passive signals utilizing the pBRDF matrix.

An electromagnetic model has been developed at the Universite” Catholique de Lou-
vain (UCL) for the simulation of microwave measurements in spaceborne passive radiome-
ters, active scatterometers, and altimeters [15,16]. This model, hereafter called the UCL
model, utilizes bistatic-scattering coefficients to compute backscattering coefficients and
emissivity based on the two-scale roughness theory. However, the model does not consider
the second-order terms for the small perturbation method (SPM) and, thus, is inaccurate
in simulating the depolarization effect. Also, the UCL model does not have full polar-
ization simulation capability. Recently, a Passive and Active Reference Microwave to
Infrared Ocean (PARMIO) model was been developed to support passive and active appli-
cations [17]. Both the UCL and PARMIO models simulate the backscattering NRCS and
emissivity, but they do not support the simulation of circularly polarized bistatic-scattering
NRCS, which is required for Global Navigation Satellite Systems’ reflectometry (GNSS-
R). A generic fully polarimetric reflectivity matrix is developed based on the two-scale
roughness theory for simulations of emissivity vectors in passive remote sensing [18]. This
reflectivity matrix is essentially a two-scale pBRDF matrix that encompasses scattering
contributions from ocean surface large-scale roughness, first-order and second-order SPM
of small-scale roughness, as well as sea foam. The study demonstrated that this two-scale
pBRDF matrix can reasonably reproduce the ocean surface bidirectional reflectance and
more accurately simulate the emissivity vector compared with the geometrical optic (GO)
PBRDF matrix. Considering the relationship between the NRCS and the BRDF [19], the
two-scale pBRDF matrix may be well used in simulating ocean surface active signals.

In this study, we expanded the utilization of the two-scale pBRDF matrix to microwave
active remote sensing for simulating fully polarimetric backscattering and bistatic-scattering
NRCS to explore its potential in providing a consistent emission and scattering simulation
for joint applications of microwave passive and active instruments. The remainder of
this paper is organized as follows: Section 2 provides a brief description of the two-
scale pBRDF matrix and demonstrates the derivations of linearly and circularly polarized
NRCSs from two-scale pBRDF matrix elements. In Section 3, numerical simulations are
presented, showcasing fully polarimetric backscattering and bistatic-scattering NRCSs for
various geometries and wind conditions. Also, the comparisons between microwave active
observations and the two-scale pBRDF matrix simulations are shown. The discussion and
conclusions are presented in Sections 4 and 5, respectively.

2. Model and Method
2.1. Two-Scale pBRDF Matrix

Scattering calculations are conducted in two major types of coordinate systems: the
forward-scattering alignment (FSA) convention and the backscatter alignment (BSA) con-
vention. The two-scale pBRDF matrix is developed based on the FSA convention. In the
FSA convention, the backscattering direction corresponds to 6° = o, ¢ = (pi + 7t, while
the specular direction corresponds to 6° = 6, ¢° = ¢, which is a special case for forward
scattering [20]. Figure 1 illustrates the geometrical configurations for wave scattering from
the ocean surface in the FSA convention, where radiance from the solid angle dO' and cen-
tered on the zenith angle § and azimuth angle ¢' is incident on an ocean surface microfacet
dA (pink area). Radiance is scattered from the ocean surface and observed within the solid
angle dQ)° at the zenith angle 6° and azimuth angle ¢°. Three typical scattering geometries
are depicted, including backscattering, forward scattering, and out-of-plane scattering. The
positive x-axis of the coordinate system points in the direction of the wind flow. Therefore,
the scattering azimuth angle is equal to the RWD.



Remote Sens. 2024, 16, 1551

30f18

Figure 1. Different geometrical configurations for wave scattering from the ocean surface. I' is the
incoming radiance vectors from the solid angle dQ)' incident from the (6', ¢’) direction on a microfacet
(pink area). I° is the outgoing radiance vectors from the solid angle d()° in the (6%, ¢°) direction.

The two-scale roughness theory has demonstrated good performances in simulating
surface scattering and emission from ocean surfaces [21-26]. The two-scale roughness the-
ory simulates the ocean surface as large-scale gravity waves and small-scale capillary waves,
with the small-scale waves riding on top of the large-scale waves. Based on the two-scale
roughness theory, a general fully polarimetric two-scale reflectivity matrix (TSRM) has
been developed [18]. The TSRM incorporates the large-scale scattering of the ocean surface
using the GO approach and accounts for small-scale scattering using the SPM up to the
second order. Essentially, the TSRM is a two-scale pBRDF matrix.

The pBRDF matrix is defined as the ratio of the scattered radiance vector to the incident
irradiance vector and can be expressed as follows:

_dB(6%,¢%) _ dP(6°,¢°%)
dE (01, ¢')  1;(6, ¢) cos 01dQY

R(¢, 6, ¢°) €
where dI° represents the scattered radiance vector, and dE’ denotes the incident irradiance
vector. The incident irradiance vector is equivalent to the product of the incident radi-

ance vector and the projected solid angle cos 87dQ) [27-30]. The relationship between the
reflectivity matrix TSRM A and the two-scale pBRDF matrix R is given as follows [31,32]:

A6, ¢ 6%, ¢°) = R(6', ¢';6°, ¢°) x cos )

Referring to the TSRM expression provided by [18] and Equation (2), the two-scale
PBRDF matrix can be defined as follows:

R(0, ¢';6°,9°) = A(0, ¢; 65, ¢°) / cos(6')

" cos(6) X

Avvvv Avhvh Re(Avhvv) Im(Avhvv)
Ahoho Apnn Re(Apnno) Im (Appho)
ZRe(Avvhv) ZRe(Avhhh) Re(Avvhh + Avhhv) Im(Ahhvv + Ahvvh)
2Im(Agono)  2Im(Agppn)  Im(Agonn + Avine)  Re(Apnoo — Anoon) 3)
thvh Re(thvv) Im(thvv)
Rynin Re(Rppo) Im (R )

ZRe(vahv) ZRe(thhh) Re(vahh + thhv) Im(thvv =+ thvh)
ZIm(vahU) 2Im(thhh) Im(vahh =+ thhv) Re(thzm - thvh)
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Figure 2 depicts the spatial distribution of the two-scale pBRDF matrix at 37 GHz
in the upper hemisphere in the specular direction. All the subplots are presented in
polar coordinates, with the radial axis representing variations in the zenith angle and
the tangential axis representing variations in the azimuth angle, with 0°, 90°, and 180°,
respectively, representing upwind, crosswind, and downwind directions. Figure 2 shows
that each element is symmetric with respect to the wind direction, and the evenly/oddly
symmetric elements have cosine/sine azimuth harmonic components, with the extremes
falling in the correct azimuth angles. These characterizations demonstrate that the two-scale
PBRDF matrix can reasonably reproduce the bidirectional reflectance of the ocean surface in
the specular direction. Figure 3 illustrates the emissivity vector derived from the two-scale
pBRDF matrix and the comparisons with other emissivity models, namely, FASTEM 6
and SURFEM, which are fast emissivity models developed by the European Center for
Medium-range Weather Forecasts in 2015 and 2023, respectively [33,34]. The accuracies of
FASTEM 6 for the vertical and horizontal components have been widely proven through
satellite measurements, but the third and fourth components, which come from FASTEM
3, have been proven to be unreliable [34,35]. The vertical and horizontal components of
emissivity calculated by the two-scale pPBRDF matrix are comparable to FASTEM 6, and the
maximum differences, respectively, are 0.002 and 0.004. The third and fourth components
are comparable to SURFEM. The comparisons highlight that the two-scale pBRDF matrix is
a viable tool for reasonably calculating emissivity.
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Figure 2. The spatial distribution of the scattering energy simulated by the two-scale pBRDF matrix at
37 GHz and 10 m/s wind speed in the specular direction. The unit of each matrix element is sr~!. The
SST is 285 K, the SSS is 35%o, and the ocean wave spectrum is the modified Durden and Vesecky spec-
trum (DV2). (a) Rvvvy, (b) Rvhvh, (c) Re(Rvhvv), (d) Im(Rvhvv), (e) Rhvhy, (f) Rhhhh, (g) Re(Rhhhv),
(h) Im(Rhhhv), (i) 2Re(Rvvhv), (j) 2Re(Rvhhh), (k) Re(Rvvhh+Rvhhv), (1) Im(Rhhvv+Rhvvh),
(m) 2Im(Rvvhv), (n) 2Im(Rvhhh), (0) In(Rvvhh+Rvhhv), (p) Re(Rhhvv-Rhvvh).
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Figure 3. Comparison of three different emissivity models. The ordinate is the emissivity of each
component. The wind speed is 10 m/s, the SST is 285 K, the frequency is 37 GHz, the observation angle
is 45°, the SSS is 35%o, and the ocean wave spectrum is DV2. (a) vertical component, (b) horizontal
component, (c) the third component, (d) the fourth component.

2.2. Relationship between NRCSs and the Two-Scale pBRDF Matrix

The quantity of active measurement is NRCS. The bistatic linear NRCS can be defined
as follows [19]:

im 477R? <E"‘ﬁ(95’ ¢°)Esg (6", (PS)>

=1 L. “)
R—c0 AEDZ‘,ﬁ, (91, (pl)

0-250/5' (911 q)lr 95/ QDS)

where E,5(6°, ¢°) represents the scattering field for the polarization state af; Eyg (6, ¢
denotes the incident field for the polarization state a’’; A represents the irradiation area;
() represents the statistical average of the scattering intensity of the rough surface; R
represents the distance between the scattering field and the incident field; and 0'2 Bu'p/
(a, B, &', B’ = v, h) represents the bistatic NRCS.

When the receiving aperture is A,, the ratio of scattering power received APs and
incident power P; can be expressed as follows:

ap, (B0 9)EL (6%, 9%))

= — ©)
P; AEi’ﬁ’ (91/ ?’l)
According to Equations (4) and (5), the following equation can be derived:
; dP
0 _ 1 S
Oopalpl = 47 cosd P.d0) (6)
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where dQ) = lim A,/ R2.
R—o0

Equation (1) defines the pBRDF matrix. For simplicity, here we have omitted the
symbols denoting the polarizations. dE' is expressed as the radiant flux f; per unit area

df;

dE =
dA

)
where dI° is the scattered radiance and represents the radiant flux per unit area and solid
angle, which can be expressed as follows:

d>£s

alf = ————
dQdA cos 65

(8)
From Equations (1), (7), and (8), the pBRDF matrix of the rough surface can be obtained

as follows: )
C d“f df;
i i.np5 .5\ _ S 1
R(0% 959 ¢) = 0dAcos e’ dA ©)

For an expanded uniform surface element, df;/dA and df;/d A can be the incident
power P; and scattered power Ps irradiating the unit area, respectively. Therefore, the
above equation can be rewritten as follows:

dP;

R(0, 9565, ¢°) = = 1
(6, 950% ¢°) P;d() cos 05 (19)
Substituting Equation (10) into Equation (6), the relationship between the pBRDF

matrix and the linear bistatic NRCS can be obtained as follows:
ogﬁa,ﬁ,(ﬂi, ¢';0°,¢°) = 47 cos 0 cos B® x Raﬁa/ﬁ/(ei, ¢;0°, ¢%) (11)

In active remote sensing, the polarization states where « = o/, = p’ are those
of most interest. These polarizations correspond to vv, hh, vh, and hv. By utilizing
Equations (3) and (11), these polarizations can be expressed using corresponding elements
of the two-scale pBRDF matrix as follows:

0 0 .
(UZ())U Ul{f‘) = 47 cos b cos 6° (wa thvh) (12)
o T Ryoho  Runinn

Equation (12) is suitable for calculating linear NRCSs at various combinations of
incident and scattering configurations. The circularly polarized NRCS can be achieved by
appropriately transforming the polarization basis once a fully polarimetric characterization
in the linear basis is available [36]

The relationships between scattering coefficients written in a linear and a circular
polarization basis are as follows [37]:

SRR = (Svo + Spn — 1Sy +iSpy) /2 (13)

SgrL = (Syy — Sy +iSon + iShU)/Z (14)

where S, B (0,6 = v, h) is the scattering coefficient in a linear polarization basis, and
Sap(a, B = R, L) is the scattering coefficient in a circular polarization basis.

A detailed derivation from the amplitude scattering coefficient S, (a, B = v, h) to the
two-scale pBRDF matrix has been provided in the literature [18]. Then, we can establish
the relationships between the circularly polarized NRCSs and the two-scale pBRDF matrix
elements through the amplitude scattering coefficient S,g(a, B = v, 1) as follows:

U]%L = UER = 71 cos 6° cos Gi(vavv + Ry + Romon + Rioho — ZRe(thvv - thvh)) (15)
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opr = 0P = 1cos 8 cos 0 (Rovoo + Rimin — Ronon — Ruoho + 2Re(Ropnn + Romip)) — (16)

where indices R and L stand for right-handed and left-handed circular polarizations,
respectively. GNSS reflectometry commonly uses a right-hand circularly polarized (RHCP)
transmitted signal and a left-hand circularly polarized (LHCP) received signal, denoted

by o?z.

3. Results

The ocean surface electromagnetic scattering model needs to be able to effectively
describe the parameter dependencies of the scattered energy. This section analyzes the
dependencies of backscattering and bistatic-scattering NRCSs simulated by the two-scale
pBRDF matrix on wind speed, RWD, and geometry, and validates the reasonableness
of the dependencies by comparing with simulations of GMFs and physical models or
experimental data. The inputs for the two-scale pPBRDF matrix include SST, SSS, wind
speed, wind direction, incidence zenith angle, incidence azimuth angle, scattering zenith
angle, and scattering azimuth angle.

The two-scale pBRDF matrix simulations require the use of seawater dielectric constant,
ocean wave spectrum, cutoff wavenumber, hydrodynamic modulation, and sea foam to
realistically model the scattering coefficients. For the seawater dielectric constant, a double
Debye model is adopted [38], which is applicable for frequencies ranging from 1.4 to
410 GHz and SST ranging from —2 to 30 °C. The ocean wave spectrum has an impact on
the simulations and can result in a 2 to 3 dB difference. Since there is no rigorous theoretical
full polarimetric reflectivity model for sea foam, an empirical reflectivity model and foam
coverage function are used to estimate the reflection contribution of sea foam [39,40].
The Guissad and Sobieski cutoff wavenumber scheme is selected, which is a function of
frequency and wind speed [38]. The hydrodynamic effect modulates the distribution of
short waves in the wind direction and makes the short waves more concentrated on the
leeward sides of large-scale waves and, therefore, causes asymmetry between upwind
and downwind directions. The hydrodynamic modulation model adopted is from the
literature [41].

3.1. Numerical Results of Backscattering NRCS

This section analyzes the dependencies of the backscattering NRCSs simulated by
the two-scale pBRDF matrix on wind speed, RWD, and incidence zenith angle at different
microwave bands. Meanwhile, the simulations are compared with GMFs and a classical
two-scale model (TSM), also with experimental data.

Figure 4 demonstrates the dependencies of vv-, hh-, and vh-polarized backscattering
NRCSs on RWD at the Ku- and C-band for a 10 m/s wind speed with different ocean
wave spectra. The values of hv and vh polarizations are the same, so only the results
of vh polarization are shown. Figure 4a-d show that the two-scale pBRDF matrix can
reasonably reproduce the dependencies of the vv-, hh-, and vh-polarized backscattering
NRCSs on RWD at the Ku- and C-band. They all have cos 2¢ harmonic variations and
positive upwind—crosswind asymmetries.

The simulations of backscattering NRCSs are influenced by not only the electromag-
netic scattering model but also the ocean wave spectra. Figure 4 shows simulations of
the two-scale pBRDF matrix at the Ku- and C-band using different ocean wave spectra,
including Kudryatsev, Elfouhaily, and DV2. For comparisons, the corresponding GMF sim-
ulations and experimental data are provided to assess the applicability of the three spectra.
The GMFs are NSCAT4 for the Ku-band and CMODY? for the C-band. The experimental
data for the Ku-band are from an airborne scatterometer [42], and those for the C-band
are from RADARSAT-2 SAR [43]. Figure 4a illustrates the simulated vv- and hh-polarized
backscattering NRCSs using three different ocean wave spectra at the Ku-band. The most
pronounced differences occur in the crosswind direction for two polarizations, and they
are about 4 dB for vv and 2 dB for hh. In Figure 4a, the experimental data and NSCAT4
simulations are almost identical for both polarizations. Compared to the experimental
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data and NSCAT4 simulations, the DV2 spectrum makes the two-scale pBRDF matrix have
the highest consistency for vv polarization, with the biggest difference measuring less
than 0.5 dB. For hh polarization, the Kudryatsev spectrum makes the highest consistencies
in the upwind (about 1 dB difference) and downwind directions (no difference), while
the Elfouhaily spectrum makes the highest consistency (no difference) in the crosswind
direction, with the biggest difference being less than 1 dB. Figure 4b is the vh polarization
at the Ku-band. The Elfouhaily spectrum shows a more consistent RWD dependence on the
experimental data. Figure 4c illustrates the simulated vv- and hh-polarized backscattering
NRCSs using three different ocean wave spectra at the C-band. There are large differences
between the vv-polarized backscattering NRCSs of the experimental data and those sim-
ulated with CMOD?7. CMOD? only supports simulating the vv-polarized backscattering
NRCSs. Compared to the CMOD7 simulations, the Kudryatsev spectrum shows the highest
consistency overall, except in the crosswind direction, while, compared to the experimental
data, the Elfouhaily spectrum has the highest consistency overall. For hh polarization,
the Kudryatsev and DV2 spectra are comparable, and they have the highest consistency
compared to the experimental data. Figure 4d is the vh polarization at the C-band; the
Kudryatsev and DV2 spectra show a more consistent RWD dependence than the Elfouhaily
spectrum on the experimental data.

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
RWD() RWD(°)

NN N
(© | s ~ @

| 1 I L I | | I I N I I
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

RWD(°) RWD(°)
—— Kudryatsev —— Elfouhaily — DV2 TSM —— NSCAT4 — CMOD7

Figure 4. The dependencies of the backscattering NRCSs predicted by the two-scale pBRDF matrix
on RWD at a 10 m/s wind speed and the comparisons with other simulations or data. (a) Simulations
of vo (solid line) and hh (dotted line) polarizations at the Ku-band. (b) Simulations of vh polarizations
at the Ku-band. (c) Simulations of vv (solid line) and hh (dotted line) polarizations at the C-band.
(d) Simulations of vh polarizations at the C-band. The Ku-band and C-band simulations are at
incidence zenith angles of 45° and 35°, respectively. The black dots’ line, stars’ line, and triangles’
line are the vv, hh, and vh experimental data, respectively. The SSS is set to 35%o0, and the SST is
285 K. The cyan, orange color, and purple colors represent the simulations of the two-scale pBRDF
matrix with Kudryatsev, Elfouhaily, and DV2 spectra, respectively. The yellow color represents the
classical TSM simulation. The magenta and green colors represent the simulations of the NSCAT4
and CMODY7 simulations, respectively.

Figure 4 also shows the comparisons of the backscattering NRCSs simulated by the
two-scale pBRDF matrix and the classical TSM. The classical TSM simulations are adopted
from the literature [37] and do not incorporate hydrodynamic modulation. Compared
to the experimental data, the vv polarization at the Ku-band of the classical TSM has the
biggest difference of about 2 dB in the crosswind direction, while the hh polarization has
the biggest difference of about 4 dB in the upwind direction. The biggest differences for the
C-band vv and hh polarizations are 2 dB in the crosswind direction and 2 dB in the upwind
direction, respectively. For the vh polarizations at the Ku- and C-band, the differences are



Remote Sens. 2024, 16, 1551

9of 18

about 5 dB overall. When comparing the two-scale pPBRDF matrix and the classical TSM
simulations, the simulations closest to the experimental data of the two-scale pPBRDF matrix
are used.

Figure 5 depicts the dependencies of vv-, hh-, and vh-polarized backscattering NRCSs
on the incidence zenith angle at the X-band for a 10 m/s wind speed with different RWDs.
Figure 5a shows the results at 0° RWD (upwind direction). The vv and hh polarizations are
almost identical until the 25° incidence zenith angle, after which the difference between the
vv and hh polarizations begins to be significant, with vv polarization being greater than
hh polarization. The vh polarization increases first and gradually decreases after 25°. The
results at 90° and 180° RWD are shown, respectively, in Figure 5b,c and have the same
dependencies on the incidence zenith angle. The vv-, hh-, and vh-polarized backscattering
NRCSs exhibit the correct variations with respect to the incidence zenith angle for all three
RWDs. At small incidence angles (<25°), the dominant mechanism is the GO. However,
for larger incidence angles (>25°), the dominant mechanism shifts to Bragg scattering.
Consequently, the difference between vv and hh polarizations becomes evident after 25°.
For all three RWDs, the vh polarization increases initially and then decreases. The increase
is attributed to the emergence of Bragg scattering, while the subsequent decrease is due to
the increase in the incidence zenith angle. Figure 5d shows the polarization ratio (PR) of
the two-scale pBRDF matrix as a function of the incidence angle under different azimuth
angles. The PR simulations of three X-band PR models are provided [44-46]. The three
PR models only account for the influence of the incidence angle on the PR, while the PR
simulated by the two-scale pBRDF matrix is a function of the incidence zenith angle, RWD,
and, perhaps, wind speed. The PRs at three RWD all increase with the incidence zenith
angle and are more consistent with the X-PR model, which is derived from TerraSAR-X
dual-polarization data.
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Figure 5. The dependencies of the backscattering NRCSs predicted by the two-scale pBRDF matrix on
the incidence angle at the X-band and a 10 m/s wind speed. The results are shown for three different
RWDs: (a) RWD = 0°, (b) RWD =90°, and (c) RWD = 180°. (d) The polarization ratios under different
RWDs and the comparisons with other X-band polarization ratio models. The SSS is set to 35%o, the
SST is 285 K, and the ocean wave spectrum is DV2.
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Figures 6-8 depict the dependencies of the vv- and hh-polarized backscattering NRCSs
predicted by the two-scale pBRDF matrix on the wind speed at the L-band, C-band, and
Ku-band, respectively, with the Aquarius beam 3 backscatters [47], CMOD?7, and NSCAT4
simulations for comparison. The hh-polarized backscattering NRCSs of CMOD? are ob-
tained via vv polarization and the PR model [43]. Figures 6—8 show that the vv- and
hh-polarized backscattering NRCSs both increase with the increase in the wind speed
and gradually become saturated after 20 m/s. In Figure 6, compared with the Aquarius
beam 3 backscatters at 5-20 m/s, the differences are significant, especially for hh-polarized
backscattering NRCSs. In Figure 7, except for vv polarization at 5 m/s, which has the
biggest difference of about 5 dB in the wind direction, the differences in the vv and hh
polarization at the C-band are smaller than 2.5 dB. Comparable differences are observed in
the Ku-band, in Figure 8.
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Figure 6. The dependencies of the backscattering NRCSs predicted by the two-scale pBRDF matrix
on the wind speed at the L-band. The incidence zenith angle is set to 46°, the SSS is set to 35%o, the
SST is 285 K, and the ocean wave spectrum is DV2. (a) 5 m/s; (b) 10 m/s; (c) 15 m/s; (d) 20 m/s;
(e) 25m/s; and (f) 30 m/s.
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Figure 7. The dependencies of the backscattering NRCSs predicted by the two-scale pBRDF matrix
on the wind speed at the C-band. The incidence zenith angle is set to 45°, the SSS is set to 35%o, the
SST is 285 K, and the ocean wave spectrum is DV2. (a) 5 m/s; (b) 10 m/s; (¢) 15m/s; (d) 20 m/s;
(e) 25 m/s; and (f) 30 m/s.
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Figure 8. The dependencies of the backscattering NRCSs predicted by the two-scale pBRDF matrix
on the wind speed at the Ku-band. The incidence zenith angle is set to 45°, the SSS is set to 35%., the
SST is 285 K, and the ocean wave spectrum is DV2. (a) 5 m/s; (b) 10 m/s; (c) 15m/s; (d) 20 m/s;
(e) 25 m/s; and (f) 30 m/s.

Figures 6-8 also show the dependence of the vv- and hh-polarized backscattering
NRCSs predicted by the two-scale pPBRDF matrix on the frequency. The vv- and hh-
polarized backscattering NRCSs increase with the increase in the frequency.

3.2. Numerical Results of Bistatic NRCS

In active remote sensing, the application of bistatic scattering is less than that of
backscattering. Bistatic scattering is generally applied to the L-band. Figure 9 illustrates
the bistatic-scattering NRCSs for vv, hh, and vh linear polarizations as a function of the
scattering zenith angle at the L-band under a wind speed of 10 m/s, an incidence zenith
angle of 45°, and a scattering azimuth angle of 0° for four different scattering zenith angles:
0°,30°, 60°, and 90°. Figure 9a shows the special case of in-plane forward scattering. The
vv and hh polarizations first increase and then decrease with the increase in the scattering
zenith angle, with the peak occurring near 45°. However, the peak of vh polarization
does not occur near 45°. This is because vv and hh polarizations are influenced by both
GO and Bragg scattering, while vh polarizations are solely influenced by Bragg scattering.
Comparing the results shown in Figure 9a—d, the vv and hh polarizations decrease with
the increase in the scattering azimuth angle ¢°. When ¢° is greater than 60°, the vv and
hh polarizations are smaller than the vh polarizations. This is due to the transition from
in-plane scattering to out-of-plane scattering, where the GO is no longer the dominant
factor and can even fail at a large scattering zenith angle.

Figure 10 shows the comparisons of bistatic NRCSs simulated by the two-scale pBRDF
matrix and SSA2 at the L-band. The results of SSA2 are adopted from the literature [37] and
are derived without hydrodynamic modulation. Figure 10a compares the linear vv and hh
polarizations, while Figure 10b,c show ¢ and ¢y circular polarizations, respectively. The
differences in the bistatic-scattering NRCSs simulated by SSA2 and the two-scale pBRDF
matrix do not exceed 0.5 dB for all three polarization types, and the discrepancies are
primarily observed in the upwind and downwind directions. The bistatic-scattering NRCSs
have smaller amplitudes over RWD compared to backscattering NRCSs.
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Figure 10. Comparisons of bistatic NRCSs simulated using the two-scale pBRDF matrix (solid line)
and SSA2 (dotted line) at the L-band. The results are obtained for 10 m/s as a function of the RWD,
within the plane of incidence, and 0 = 45°, 05 = 35 °. (a) vv (dark cyan line) and i1 (orange-red line)
polarizations, (b) U%R circular polarization, and (c) (TER circular polarization.

3.3. Comparison with MetOP-C ASCAT Scatterometer

The validation of the two-scale pBRDF matrix for active remote sensing was conducted
by comparing the simulations with measurements of spaceborne microwave active sensors.
The datasets used for the comparisons included satellite observations, the simulations
produced by the two-scale pBRDF matrix, and auxiliary datasets. The MetOP-C ASCAT
scatterometer operating at the C-band was chosen for validating the backscatter. The
ASCAT observations were collocated with surface parameters from the European Centre for
Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA)-Interim and the Mercator
Ocean reanalysis. Surface-level parameters such as SST, wind speed, and wind direction



Remote Sens. 2024, 16, 1551

13 of 18

were extracted from the ECMWF ERA-interim at a spatial resolution of 0.25°. The SSS
data were derived from the Mercator Ocean reanalysis at a spatial resolution of 0.083°.
Additionally, total precipitation and sea ice percentage data from the ERA-interim were
used for quality control. The collocation between the auxiliary datasets and satellite data
was performed using the near-neighbor interpolation scheme, with a temporal difference
of no more than 1 h.

Figure 11 shows the linear regression of backscattering NRCSs between simulations of
the two-scale pBRDF matrix and the measurements of ASCAT. The correlation coefficient
is 0.9634, and the RMSE is 2.5083 dB. There exists a strong linear relationship between
the simulations and the measurements. However, the two-scale pBRDF matrix tends to
overestimate the NRCSs in the low NRCS region where the simulations correspond to small
wind speeds or/and large incidence zenith angles. Figure 12 depicts a two-dimensional
scatterplot illustrating the differences between the measurements and the simulations as
a function of wind speed and incidence zenith angle. The majority of points fall within
the range of +3 dB. The largest difference observed is —8.7 dB, which occurs at low wind
speeds and large incidence zenith angles.
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Figure 11. Density scatter plot from the two-scale pPBRDF matrix simulations and ASCAT measurements.
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Figure 12. The dependencies of differences (measurements minus simulations) on wind speed and
incidence zenith angle. Color represents the difference value.

3.4. Comparison with CYGNSS Reflectometry

The validation of the two-scale pBRDF matrix for bistatic-scattering NRCSs is con-
ducted by comparison with the measurements of CYGNSS reflectometry. The CYGNSS is an
eight-satellite constellation intended to use ocean wind data from GNSS-R to improve the
tracking and intensity forecasting of tropical cyclones. It offers high spatial and temporal
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resolutions and operates at the L-band, which experiences lower rain attenuation compared
to other frequencies [48]. CYGNSS observes the ocean surface using forward scattering, and
the physical GMF used for deriving the observables is the GO model, which is valid under
specific conditions. Limited research has been conducted on using a two-scale GMF for
GNSS reflectometry simulations. The CYGNSS Level 1b data product contains the bistatic
NRCS in a circular polarization ¥y, generated from delay-Doppler mapping by removing
the effect of satellite attitudes, direct power, and antenna gain [49]. The signal-to-noise ratio
of the measurements used for these comparisons needs to be greater than 6.

Figure 13 presents the linear regression of circularly polarized bistatic NRCSs between
simulations of the two-scale pBRDF matrix and measurements of CYGNSS. A cut exists
around 20 dB, as data with wind speeds less than 2 m/s were excluded. The correlation
coefficient is 0.8480, and the RMSE is 1.2859 dB. The discrete points are primarily concen-
trated in cases with large signals. Forward scattering differs from backscattering in that it
relies on large-scale reflections, and, as the wind speed decreases, the signal strength tends
to increase. Figure 14 is a two-dimensional scatterplot showing the differences between
the CYGNSS measurements and the two-scale pBRDF matrix simulations as a function of
wind speed and incidence zenith angle. The findings align with the ASCAT simulation
case. The majority of the differences are smaller than 3 dB, while larger differences occur at
low wind speeds.
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Figure 13. Density scatter plot from the two-scale pPBRDF matrix simulations and CYGNSS measurements.
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and incidence zenith angle.

Figure 15 shows a plot of circularly polarized bistatic NRCSs versus wind speed.
The bistatic NRCSs come from CYGNSS measurements, the two-scale pBRDF matrix, and
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GO simulations. Compared with the GO model, the two-scale pBRDF matrix shows a
higher consistency with the CYGNSS measurements, especially at higher wind speeds,
which indicates that the two-scale pBRDF matrix may have a better performance in DDM
simulations and wind speed recording.
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Figure 15. The plot of circularly polarized bistatic NRCSs came from CYGNSS measurements (blue
plus), the two-scale pBRDF matrix (magenta circle), and GO simulations (black circle) versus the
wind speed.

4. Discussion

The main objectives of this study were twofold: first, to evaluate whether the two-scale
pBRDF matrix model could reasonably characterize the dependency between the NRCS
and the ocean surface parameters, and second, to assess its applicability to different active
payloads. In pursuit of these objectives, we conducted systematic numerical simulations of
NRCSs using the two-scale pBRDF matrix and compared the simulations with observations
from spaceborne active sensors.

In this study, numerical simulations were conducted within the wind speed range
of 0-30 m/s, an RWD range of 0-360°, an incidence zenith angle range of 0-70°, and
across different bands (L-, C-, X-, and Ku-band), and they were compared with simula-
tions provided by GMFs and experimental data. The results indicate that the two-scale
pBRDF matrix can reasonably characterize the dependency of polarized backscatter on
wind speed, wind direction, incidence angle, and frequency. However, the simulation
accuracy of the two-scale pBRDF matrix is not always reliable. Using the DV2 ocean wave
spectrum, there was a significant underestimation of the vv- and hh-polarized backscatter
at the L-band when the wind speed was less than 10 m/s, and overestimations of the
vv-polarized backscatter at the C-band and Ku-band occurred at a 5 m/s wind speed.
A 2 dB underestimation of the hh-polarized backscatter at the Ku-band occurred in the
downwind direction when the wind speed exceeded 20 m/s. Figure 4a shows that using
different ocean wave spectra introduces approximately a 4 dB difference for vv polarization
in the crosswind direction, indicating a significant impact of the ocean wave spectrum on
the simulations of the two-scale pBRDF matrix. The suitability of ocean wave spectra varies
with the wind speeds and incidence zenith angles. Further research is needed regarding
the selection of the ocean wave spectra for the two-scale pBRDF matrix.

The overestimation of the two-scale pPBRDF matrix model under low wind speed
conditions was also evident in the comparisons with satellite observations. At very low
wind conditions, the ocean surface is heavily influenced by swell and ocean waves, which
are less correlated to the local wind. The ocean surface roughness is sensitive not only to
the short waves driven by the local wind but also to the long waves generated by nonlocal
swell. In the cases of medium-to-high wind speeds, the local wind dominates, and the
effect of swell can be disregarded. However, at wind speeds below 5 m/s, the local wind is
weak, and the presence of swell becomes evident [50-52].
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Some L-band observations suggested that radar backscatter signals near a wind speed
of 5 m/s exhibited a negative upwind-downwind asymmetry, whereas the simulation of
the two-scale pBRDF matrix displayed a positive upwind-downwind asymmetry. This
difference arises from the positive upwind—-crosswind asymmetry produced by the Bragg
scattering mechanism used in two-scale sea surface scattering models, with the pPBRDF
matrix essentially being a two-scale model.

While the two-scale pBRDF matrix still presents the aforementioned shortcomings
in its application, these issues are not insurmountable. In the future, we will focus on
addressing these problems to further optimize the model, enabling the two-scale pBRDF
matrix to be more effectively utilized in microwave active remote sensing. Despite its
limitations, the two-scale pPBRDF matrix also has notable strengths, such as the ability to
simultaneously simulate linearly polarized, backscatter, and bistatic scattering, as well as
circularly polarized signals. Additionally, the two-scale pBRDF matrix exhibits capabilities
for passive remote sensing applications. It can consistently simulate both active and passive
remote sensing signals over the ocean surface, facilitating the joint utilization of various
types of microwave active and passive payloads.

5. Conclusions

In this study, starting from the concepts, the relationships between NRCSs and the
two-scale pBRDF matrix elements were derived. The application of the two-scale pBRDF
matrix developed for fully polarized ocean-atmosphere-coupled radiative transfer was
expanded from passive remote sensing to active remote sensing. Comprehensive numerical
simulations across the L-, C-, X-, and Ku-bands were carried out, and these simulations
were compared with experimental data from the literature, simulations of GMFs, and
classical electromagnetic scattering models such as TSM and SSA2. For further validation,
the backscattering and bistatic-scattering simulations of the two-scale pBRDF matrix were
compared with measurements from the ASCAT and CYGNSS, respectively.

The two-scale pPBRDF matrix demonstrated reasonable dependencies in terms of ocean
surface wind speeds, wind direction (RWD), geometries, and frequencies. The comparisons
with the GMFs and experimental data affirmed the reliable accuracy of the two-scale pBRDF
matrix in simulating backscattering NRCSs at the C-, X-, and Ku-band, except for cases
at a low wind speed (<5 m/s) and horizontally polarized NRCSs at the Ku-band and at a
high wind speed (>20 m/s). The comparison of bistatic NRCSs with SSA2 showed a high
performance for simulating bistatic-scattering NRCSs.

The linear regression of the backscattering NRCSs from the simulations of the two-
scale pBRDF matrix and the measurements of ASCAT demonstrated a correlation coefficient
of 0.9634 and an RMSE of 2.5083 dB. Large differences between the simulations and the
measurements were observed at low wind speeds, where the effects of swell and nonlocal
waves were prominent. For medium-to-high wind speeds, the two-scale pBRDF matrix
exhibited a good performance in simulating NRCSs. When compared with the CYGNSS
measurements, the linear regression of circularly polarized bistatic NRCSs demonstrated a
correlation coefficient of 0.8480 and an RMSE of 1.2859 dB. The comparison between the
two-scale pBRDF matrix and GO highlighted that the two-scale pBRDF matrix had a better
performance in simulating bistatic NRCSs, especially at high wind speeds (>5 m/s).

In conclusion, the two-scale pPBRDF matrix demonstrated a high level of confidence in
modeling backscattering and bistatic NRCSs for active sensor applications, although there
remained some challenges. Its versatility as a unified physical electromagnetic scattering
model for both active and passive remote sensing was demonstrated. The ultimate goal of
this study was to establish a consistent approach for retrieving atmospheric and surface
parameters using both passive and active measurements.
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