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Abstract: Knowledge of the ocean backscatter at various azimuth angles is critical to the radar detec-
tion of the ocean environment. In this study, the modified two-scale model (TSM), which introduces
a correction term in the conventional TSM, is improved based on the empirical model, CMOD5.n.
Then, the influences of different directional wave spectra on the prediction of azimuthal behavior of
ocean radar backscatter are investigated by comparing the simulated results with CMOD5.n and the
Advanced Scatterometer (ASCAT) measurements. The results show that the overall performance of
the single spectra of D, A, E, and H18 and the composite spectra of AH18 and AEH18 in predicting
ocean backscatter are different at different wind speeds and incidence angles. Generally, the AH18
spectrum has better performance at low and moderate wind speeds, while the A spectrum works
better at high wind speed. Nevertheless, the wave spectra have little effect on the prediction of
the azimuthal fluctuation of scattering, which is highly dependent on the directional spreading
function. The relative patterns of azimuthal undulation produced by different spreading functions
are rather different at different wind speeds, but similar under different incidence angles. The Gaus-
sian spreading function generally has better performance in predicting the azimuthal fluctuation
of scattering.

Keywords: azimuthal modulation; modified TSM; ocean radar backscatter; wave directional spectra

1. Introduction

The theoretical study of electromagnetic scattering from the ocean surface is important
for the geophysical interpretation of microwave remote sensing data to retrieve information
on ocean surface winds, waves, currents, and so on. Over the past decades, numerous
attempts have been made to describe the physical process involved in the electromagnetic
interaction at the sea surface. In particular, many robust backscattering models have been
developed starting from the Bragg asymptotic theory to explain the ocean backscatter at
intermediate incidence angles to the small perturbation method (SPM), two-scale model
(TSM), small-slope approximation (SSA), and integral equation method (IEM) [1–6]. TSM
has always been the most popular analytical scattering model since it was presented in the
1960s due to its reliable precision and high efficiency [2,3,7–12]. Under the assumption that
the ocean surface consists of large-scale waves and small-scale waves superimposed on
the large-scale surface, TSM combines the Bragg scattering from the small-scale roughness,
whose wavelengths are on the order of the electromagnetic waves, and the modulations
due to the longer waves. TSM has been commonly used for the scattering simulation in
monostatic and bistatic configurations at different bands, such as HF-VHF, L-, S-, C-, X-,
and Ku-bands [2,13–17].
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However, to date, most scattering studies have focused on the Gaussian case and
ignored the non-Gaussianity effects of the sea surface, and thus cannot finely describe the
azimuthal behavior, especially the upwind–downwind asymmetry of backscatter from the
ocean. The hydrodynamic modulation of short waves induced by long waves gives rise
to the skewness of ocean surface waves [18]. The skewness is believed to be the cause for
the upwind–downwind asymmetry of ocean backscatter [19]. The skewness function or its
Fourier transform, the bispectral function, has been used in several studies to interpret the
difference between the backscatter in upwind and downwind directions [19–23]. Chen [19]
and Xie [20] systematically explored the effects of bispectrum on radar backscatter predicted
with the integral equation method and found that the IEM can simulate the upwind–
downwind difference in the ocean backscattering normalized radar cross section (NRCS)
when the bispectrum part comes into the model. Bourlier [21,22] showed that the first-order
small-slope approximation scattering model (SSA-1) can predict the upwind–downwind
asymmetry by introducing the skewness function into the model. Wang et al. [23] found that
the TSM modified by adding a correction term could describe the upwind and downwind
difference as well. The modified TSM adds a correction term into the conventional TSM. It
is a good choice for simulating the upwind–downwind difference in the ocean backscatter.

Furthermore, the impacts of sea surface morphology and distribution characteristics
are very significant for the sea surface backscatter calculation [23]. It is of great necessity to
analyze the effects of directional wave spectra on the performance of the scattering model in
predicting ocean backscatter. There have been several studies focusing on the influences of
wave spectra on backscatter prediction in recent years [24–27]. Hwang [24] systematically
explored the effects of four wind wave spectra on the scattering prediction of the multiscale
model. Zheng [25] evaluated the effects of six wind spectra on the prediction of NRCS by
SSA. Xie [26] analyzed the influences of five single-wave spectra and three combined-wave
spectra on the performance of the advanced IEM in predicting NRCS. Miao [27] combined
three wave spectra and two spreading functions to estimate the effects of directional wave
spectra on the prediction of wind–wave-induced Doppler shift. In general, the influences
of wind wave spectra on IEM and SSA have been analyzed systematically. However, there
are few studies in regard to the impact of spectra on TSM, which is commonly used in SAR
imaging of the sea surface. Additionally, the effect of the directional spreading function on
the estimation of azimuthal fluctuation of ocean backscatter has hardly been analyzed.

In this paper, the empirical parameter in the modified TSM is first determined by
fitting the modified model to the empirical ocean backscatter geophysical model function
(GMF), CMOD5.n. Then, the effects of different wave spectra and directional spreading
functions on the modeling of ocean radar backscatter at various azimuth angles by the
modified TSM are systematically investigated. Section 2 introduces the data, the methods,
the wave spectra, and the directional spreading functions. In Section 3, the values of the
empirical parameter at different conditions are estimated, and then the model predictions
are compared with the CMOD5.n GMF and the Advanced Scatterometer (ASCAT) mea-
surements for different directional wave spectra. Sections 4 and 5 present the discussion
and conclusions.

2. Data and Methods
2.1. NRCS Data

The NRCS data provided by the CMOD5.n GMF and the ASCAT measurements were
used as a reference to improve and validate the modified TSM. The CMOD family was
developed to provide the information of wind fields, in which the CMOD5.n was validated
with many measured data and can be regarded as a reliable reference [16,28,29]. The
CMOD5.n gives the relationship between C-band VV NRCS and the incidence angle, wind
speed, and wind direction (relative to the radar look direction) [30]. It takes the form of:

σ0(θ, U10, φ) = B0(θ, U10)(1 + B1(θ, U10) cos φ + B2(θ, U10) cos 2φ)1.6 (1)
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where σ0 is the natural NRCS, θ is the incidence angle, U10 is the neutral wind speed
at the height of 10 m above sea level, and φ is the angle of wind direction. B0, B1, and
B2 can be expressed as a function of θ and U10, and they were obtained by fitting (1) to
the European Remote Sensing Satellite ERS-2 scatterometer data. The average absolute
difference between ASCAT and CMOD5.n is about 0.3 dB, and the root mean square
difference is lower than 2 dB [31].

The MetOp-A ASCAT level-1B 12.5-km σ0 products produced by EUMETSAT from
January 2014 to December 2016 were used in this paper [32,33]. The ASCAT-A σ0 measure-
ments influenced by non-wave phenomena were rejected based on the following principles:
(1) The default filling data and the abnormal data flagged as bad quality were excluded;
(2) The measurements contaminated by rainfall, ice, and land were eliminated. Then,
the ASCAT-A σ0 measurements were matched with the ocean surface winds provided by
57 moored buoys from the American National Data Buoy Center (NDBC) with a separation
of time within 30 min and separation of space less than 25 km. The buoys are all located in
waters more than 50 km away from land and 150 m deep, and correspondingly, the matched
ASCAT-A measurements are also far away from land. Finally, 3,502,466 matching pairs
were obtained. Additionally, the buoy wind speeds sampled at 2–5 m heights above the
sea surface were converted to 10 m neutral wind speeds based on the logarithmic marine
boundary layer assumption proposed by Liu and Tang [34] after eliminating low-quality
observations:

U10 = UZ

√
κ2

Cd
ln−1

(
z
z0

)
(2)

where UZ is the wind speed measured at a height Z above sea level. z0 = 3.271 × 10−4 m is
the surface roughness length, κ = 0.4 is the von Karman constant, and Cd = 1.5 × 10−3 is
the drag coefficient.

2.2. Wave Spectra and Spreading Functions

The wave spectrum covering a wide range of wavenumbers, e.g., from millime-
ter wavelengths to wavelengths on the order of hundreds of meters, is required for the
backscattering calculation. Over the past decades, many full-wave-number spectra have
been proposed, of which the D (Donelan–Banner–Plant) spectrum [35], the A (Apel) spec-
trum [36], the E (Elfouhaily et al.) spectrum [37], and the most recent version of the Hwang
(Hwang et al.) spectrum, H18 [38], are used in this paper. The D spectrum is the synthesis of
the results of measurements with wave gauge arrays, stereo photography, and microwave
backscatter [39–41]. The A spectrum is derived from the in situ measurements in the gravity
wave region and the wave tank results in gravity–capillary wave region. It addresses the
consistency with the measured NRCS. The E spectrum emphasizes the consistency with the
measured mean square slopes in [42], and is developed based on the unification of optical,
in situ, and wave tank data. The H18 spectrum is a combination of the H15 spectrum [43]
and the G spectrum [38]. The details of the four spectral models can been seen in [35–38,44].

Figure 1 illustrates the curvature spectra B(K) of D, A, E, and H18 for wind speeds
varying from 2 m/s to 24 m/s, and the step is 2 m/s. We can see that the intermediate- and
short-scale waves roughly from 1 rad/m to 1000 rad/m make the dominant contribution
to the surface roughness. As wind speed increases, the wind speed sensitivity of spectral
density decreases gradually. Furthermore, the spectral density exhibits very little wind
speed sensitivity over the whole wind speed range for decimeter- to meter-scale waves.
This may be partly due to the fact that waves of these scales are the main wave-breaking
regions that generate short-scale waves [6]. In addition, there is a spectral peak in the
capillary wave region, followed by a rapid drop-off. This peak is at 190 rad/m (3.3 cm
wavelength) for the D spectrum, 700 rad/m (0.9 cm wavelength) for the A spectrum,
370 rad/m (1.7 cm wavelength) for the E spectrum, and 530 rad/m (1.19 cm wavelength)
for the H18 spectrum. More importantly, the magnitude of the spectral density varies from
one model to another, especially in the gravity–capillary wave region. For example, at a
16 m/s wind speed, the curvature spectral density is about 0.0132 rad2 at 143 rad/m (the
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C-band resonance Bragg wave number at 40◦ incidence angle) for the D spectrum, about
0.0225 rad2 for the A spectrum, about 0.0159 rad2 for the E spectrum, and about 0.0135 rad2

for the H18 spectrum.
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The prediction of the directional anisotropy of ocean backscatter requires the knowl-
edge of the directional distribution of ocean waves. It is known that this distribution can
be described by the directional spreading function f (K, ϕ). Three widely used spreading
functions are the Cosine [37], Sech [35], and Gaussian [27] spreading functions.

1. Cosine spreading function:

f (K, ϕ) =
1

2π
[1 + ∆(K) cos(2ϕ)] (3)

where K is ocean wave number magnitude and ϕ is its angle with respect to the direction
toward which the wind blows. ∆(K) can be expressed as:

∆(K) = tanh
{

a0 + ap
(
c/cp

)2.5
+ am(cm/c)2.5

}
(4)

where c is the wave phase velocity:

c =
√

g
K
+ TK (5)

where g is the acceleration due to gravity, T = 7.25 × 10−5. cp is the phase speed at the
dominant wave, a0 = ln(2)/4, and ap = 4. am is:

am = 0.13
u∗
cm

(6)

where u∗ is the friction velocity and cm is the minimum phase speed that is equal to
0.32 m/s.
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2. Sech spreading function:

f (K, ϕ)= 0.5βΩ(K, ϕ) (7)

Ω(K, ϕ) =
[
sech2(βϕ) + sech2(β|ϕ± π|)

]
/2 (8)

β = βg(1− a) + 0.84a (9)

a = 0.165 + 0.835tanh
[(

K− 5
√

U10

)
/
(

25
√

U10

)]
(10)

βg =


1.22 , K/Kp ≤ 0.31

2.61(K/Kp)0.65 , 0.31 < K/Kp ≤ 0.97
2.28(K/Kp)−0.65 , 0.97 < K/Kp ≤ 2.56

10[−0.4+0.8393 exp(−0.56 ln(K/Kp))] , 2.56 < K/Kp ≤ 30/Kp

(11)

where Kp is the wave number at the peak spectral density. In (8), the “−” sign is used when
0 < ϕ ≤ π, while the “+” sign is used when –π < ϕ ≤ 0.

3. Gaussian spreading function:

f (K, ϕ) = D(K, ϕ)/ID (12)

ID =
∫

D(K, ϕ)·dϕ (13)

D(K, ϕ) = exp
(
− ϕ2

2δ2

)
(14)

1
2δ2 = 0.14 + 0.5

[
1− exp

(
−Ku10

c1

)]
+ 5 exp

[
2.5− 2.6 ln

(
u10

un

)
− 1.3 ln

(
K
Kn

)]
(15)

where c1 is equal to 400 rad/s and Kn is equal to 1 rad/m.
Figure 2 shows the symmetrical forms of the Cosine, Sech, and Gaussian spreading

functions at 10 m/s wind speed for wave numbers of 0.1, 1, 10, and 100 rad/m. As can be
seen, the wave directional distributions of the Cosine spreading function are anisotropic
over all wave numbers, with the most wave energy propagating in upwind and downwind
directions and the least in the crosswind direction. However, the directionality at different
wave numbers is different, which shows a trend of first weakening and then slightly
strengthening as the wave number increases. The other two spreading functions generally
exhibit similar behavior, except for a near-isotropic distribution at decimeter- to meter-scale
waves and a stronger directionality at longer waves.
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2.3. Construction of Non-Gaussian Sea Surface

We used the Tayfun model [45] to construct a non-Gaussian large-scale sea surface.
The Tayfun model can be expressed as:

z(x) = zl +
1
2

˜
K
[(

z2
l −

˜
z

2)
+ 2zl

˜
z
]

(16)

where
˜
K is the mean wavenumber,

˜
K = m1/m0, mj =

∫
K jS(K)dK, S(·) is the ocean wave

spectrum, and

˜
z(xm, yn, t) =

M

∑
x=1

N

∑
y=1

√
2S(K, ϕ)dK sin

(
Kxxm + Kyyn −ωKx ,Ky

t + εKx ,Ky

)
(17)

and zl is the height of the Gaussian sea surface.

˜
z(xm, yn, t) =

M

∑
x=1

N

∑
y=1

√
2S(K, ϕ)dKcos

(
Kxxm + Kyyn −ωKx ,Ky t + εKx ,Ky

)
(18)

where M and N are the facets’ numbers in range and azimuth directions. Kx and Ky
represent the components of wave number K on the range and azimuth coordinates. x
is the range direction, parallel to the antenna look direction; y is the azimuth direction,
perpendicular to the range direction. ωKx ,Ky is the angular frequency. εKx ,Ky is uniformly
distributed over (0, 2π). The coordinate system is:

xm = ∆x(m−M/2)|m=1,2,...,M
yn = ∆y(n− N/2)|n=1,2,...,N

(19)

in which ∆x and ∆y are the facet sizes in ground range and azimuth directions.
Figure 3 compares the probability density functions (pdfs) of the Gaussian and Tayfun

sea surfaces based on the A spectrum and Cosine spreading function at wind speed of
10 m/s and incidence angle of 30◦ in the upwind direction. The size of the sea surface
is 2 km × 2 km, and the facet size is 10 m × 10 m. From Figure 3a, it can be seen that
the distribution of the elevation of Tayfun sea surface deviates from that of the Gaussian
surface owing to the inclusion of nonlinear effects, and the mean value shifts to a negative
value, which is consistent with the results in [46]. Figure 3b shows that the Tayfun sea
surface has higher probability near small slopes in comparison with the Gaussian surface,
and the pdfs of the Gaussian and Tayfun sea surface slopes have little difference near large
slopes. All these results are similar to the performance of the CWM (Choppy Wave Model)
reported in [46].
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Figure 3. Comparison of distributions of Gaussian sea surface and Tayfun sea surface based on the
A spectrum and Cosine spreading function at 10 m/s wind speed and 30◦ incidence angle along
upwind direction. (a) Pdfs for surface elevation; (b) Pdfs for slope along range direction. Blue solid
curve, Gaussian sea surface; red dashed curve, non−Gaussian sea surface constructed by Tayfun
model.
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2.4. Modified TSM

In order to account for the difference between NRCSs in upwind and downwind
directions, the modified TSM was developed by introducing a correction term into the
conventional TSM. The NRCS for sea surface can be written as:

σ0
pp
(
θ′
)
= σs

pp
(
θ′
)
+ σc

pp
(
θ′
)

(20)

where the subscript pp indicates the VV or HH polarization state and θ′ is the local incidence
angle of each individual facet. σs is the standard term proportional to the wave spectral
density at the Bragg wave number and can be calculated by the conventional TSM [30,31]:

σs
pp
(
θ′
)
= 16πki

4 cos4 θ′GppS
(
KBx, KBy

)
(21)

where S is the wave spectrum of ocean surface, Gpp is the VV- or HH-polarized scattering
coefficient, ki is the radar wave number, KB = 2kisinθ′ is the Bragg wave number, and KBx
and KBy are the two components of Bragg resonance waves in range and azimuth directions.
σc is the complementary term which is proportional to the sea surface bispectrum and can
be given by [23]:

σc
pp
(
θ′
)
= −ki

5 cos3 θ′Ba(KB, ϕ)
[
4
∣∣ fpp

∣∣2 + 1.5Re
[

fpp·Fpp
]
+ 0.125

∣∣Fpp
∣∣2] (22)

where Ba is the imaginary part of sea surface bispectrum, and fpp and Fpp are two polariza-
tion dependent coefficients. Ba can be written as [23]:

Ba(K, ϕ) = −Ks6
0

(
6− K2s2

0 cos2 ϕ
)

cos ϕ exp
(
−K2s2

0/4
)

/16 (23)

where s0 is the skewness parameter, which can be expressed as [23]:

s0 = ζξ
σR

(U12.5 − A/B)1/3U1/2
12.5

(24)

ξ =
(6/B)1/3
√

0.5C
(25)

where A = 5.0 × 10−2, B = 42 × 10−3, and C = 5.1 × 10−3. A and B are the coefficients in
the relation between skewness coefficient and wind speed, and C is the coefficient in the
relation between total slope variance and wind speed, which are provided by Cox and
Munk in [42]. U12.5 denotes the wind speed at the height of 12.5 m over the ocean surface.
σ2

R is the small-scale vertical variance, and can be evaluated from:

δ = kiσR (26)

δ = 0.205 log10 u∗ − 0.0125 (27)

where ζ is an empirical coefficient to be determined. The value of ζ depends on polarization,
incidence angle, and wind speed. It can be obtained by fitting the predictions of modified
TSM to the reference data. The mean NRCS at a certain incidence angle, wind speed, wind
direction, and directional wave spectrum can be obtained by averaging the local NRCSs
over surface samples.

3. Results

In this section, we first estimate the values of the empirical parameters ζ in the
modified TSM with different wave directional spectra input at different wind speeds and
incidence angles. Then effects of wave spectra and directional spreading functions on the
performance of the modified TSM in predicting C-band VV-polarized NRCS at various
azimuth angles are analyzed by comparing the simulated NRCS values with CMOD5.n
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and the ASCAT data over wind speed range of 3 m/s–16 m/s and incidence angles range
of 30◦–50◦.

3.1. Determination of the Modified TSM

The values of the empirical parameter ζ in the modified TSM are estimated by mini-
mizing the upwind–downwind asymmetry predicted by the modified TSM and that given
by CMOD5.n.

Figure 4 shows the estimations of ζ as functions of incidence angle at wind speeds of
3 m/s, 9 m/s, and 16 m/s under different directional wave spectra of D + Cosine, D + Sech,
D + Gaussian, A + Cosine, A + Sech, A + Gaussian, E + Cosine, E + Sech, E + Gaussian,
H18 + Cosine, H18 + Sech, and H18 + Gaussian. Figure 4 indicates that the ζ does not
exhibit any dependence on incidence angle when the wind speed is low (3 m/s) for all the
directional wave spectra. The value of ζ remains at 0.01 over the 30◦–50◦ incidence angle
range for the D spectrum, and remains at 0.02 for the A, E, and H18 spectra. At moderate
wind speed (9 m/s), different wave spectra yield rather different ζ behaviors with incidence
angle, while that produced by different spreading functions is similar. The ζ estimated with
the E spectrum is the most sensitive to the incidence angle, followed by the H18 spectrum,
and the values of ζ based on the D and A spectra are independent of the incidence angle.
The ζ value based on the D and A spectra remains at 0.16 and 0.18, respectively. The ζ
values calculated with the E and H18 spectra fluctuate up and down with the incidence
angle, and the fluctuations are within 0.03 when the incidence angle increases from 30◦

to 50◦. At high wind speed (16 m/s), the estimations of ζ with different directional wave
spectra all show a stronger dependence on incidence angle. They generally first increase
and then decrease with the increase in the incidence angle. The ζ values do not fluctuate
more than 0.1 over the 30◦–50◦ incidence angle range. Additionally, the ζ estimated with
the A spectrum is the largest, followed by that estimated with the E spectrum; the ζ values
estimated with the D and H18 spectra are the smallest. It is worth noting that one peak
occurs in each curve for the E and H18 spectra at a moderate wind speed in Figure 4d–f,
and for all spectra at a high wind speed in Figure 4g–i. This phenomenon occurs because
the ζ is determined by the level of upwind–downwind difference, and the difference in the
upwind and downwind NRCSs calculated by CMOD5.n created a peak value near low
incidence angles (see Figure 10b,c).

Figure 5 shows the variation in ζ with wind speed at incidence angles of 30◦, 40◦,
and 50◦. As shown, the value of ζ increases roughly from 0.02 to 0.90 when the wind
speed increases from 3 m/s to 16 m/s. For a certain incidence angle, ζ increases with wind
speed and the increasing rate gradually accelerates. These results are different from those
shown in Figure 1 of [23], where ζ increases linearly from 0.03 to 0.21 as the wind speed
increases from 2 m/s to 20 m/s. The ζ values in [23] are obtained based on the airborne
measurements under large incidence angles of 60◦–80◦. In addition, the estimated ζ values
under different spreading functions are almost the same for a given wave spectrum over the
wind speed range of 3–16 m/s. The ζ values estimated based on different wave spectra for a
given spreading function are somewhat different at higher wind speeds, where the ζ value
of A spectrum is always larger than others. The ζ values obtained based on the D, E, and
H18 spectra are almost the same, except for the high incidence angle (50◦), where the ζ of
the E spectrum is larger than that of the D and H18 spectra. What deserves special mention
is that the sensitivity of ζ to wind speed is much stronger than its sensitivity to incidence
angle. This result is similar to that of [23], in which only the wind speed dependence of ζ is
considered.
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Figure 4. Estimations of the ζ parameter with the use of different directional wave spectra of D +
Cosine, D + Sech, D + Gaussian, A + Cosine, A + Sech, A + Gaussian, E + Cosine, E + Sech, E +
Gaussian, H18 + Cosine, H18 + Sech, and H18 + Gaussian as a function of incidence angle (a–c) at
wind speed of 3 m/s, (d–f) at wind speed of 9 m/s, (g–i) at wind speed of 16 m/s.

Figure 6 shows an example of comparison of the NRCSs predicted by the modified
TSM (solid curves) and the conventional TSM (dashed curves) using different wave spectra
and the Cosine spreading function, and their comparisons with CMOD5.n at a wind speed
of 16 m/s and an incidence angle of 50◦. As can be seen, whichever wave spectrum is used,
the modified TSM can well simulate the upwind–downwind asymmetry, which cannot be
described by the conventional TSM. It achieves this by introducing a negative correction in
the downwind direction (180◦) and a positive correction in the upwind direction (0◦) using
the additional bispectral term. Moreover, the minimum of the modified-TSM-simulated
NRCS deviates from the crosswind direction (90◦/270◦) and moves to the downwind
direction. All these changes diminish the gap between the predictions of model and
CMOD5.n [47].
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Figure 6. Example of comparison of the NRCSs predicted by the modified TSM (solid curves) and the
conventional TSM (dashed curves) using different wave spectra and the Cosine spreading function,
and their comparisons with CMOD5.n at wind speed of 16 m/s and incidence angle of 50◦. (a) Results
obtained with the D and A spectra. (b) Results obtained with the E and H18 spectra.

3.2. The Influence of Directional Wave Spectra on NRCS Simulation at Different Azimuth Angles

Figure 7 gives the modified-TSM NRCSs simulated with A + Cosine, A + Sech, and
A + Gaussian, and their comparisons with the ASCAT data and CMOD5.n as functions of
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incidence angle at wind speeds of 3 m/s, 9 m/s, and 16 m/s in upwind, downwind, and
crosswind directions. The ASCAT NRCS is averaged within ±0.5 m/s wind speed, 6◦ wind
direction, and ±0.5◦ incidence angle bins. The mean values and standard deviations of
every bin are shown in Figure 7. We can see that the CMOD5.n NRCSs exhibit reasonably
good agreement with the ASCAT NRCS measurements. For a certain incidence angle,
wind speed, and wind direction, the properties of three spreading functions to underes-
timate or overestimate the reference data are almost the same. For different azimuthal
directions, different spreading functions yield rather similar incidence angles and wind
speed dependences.
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Figure 7. Simulated NRCSs based on A + Cosine, A + Sech, and A + Gaussian, and their comparison
with the ASCAT data and CMOD5.n as functions of incidence angle at wind speeds of 3 m/s, 9 m/s,
and 16 m/s in the (a–c) upwind direction, (d–f) downwind direction, and (g–i) crosswind direction.

Figure 8 shows the simulated NRCSs based on the D + Cosine, A + Cosine, E + Cosine,
H18 + Cosine, AH18 + Cosine, and AEH18 + Cosine, and their comparisons with the
ASCAT data and CMOD5.n as functions of incidence angle at wind speeds of 3 m/s, 9 m/s,
and 16 m/s along upwind, downwind, and crosswind directions. The results show that
the incidence angle and wind speed dependences of scattering produced by the different
wave spectra are rather different. For the upwind direction, at a low wind speed, the
ASCAT data and CMOD5.n are consistent with the A and E spectra at low incidence angles
(<37◦), but closer to the H18 spectrum when the incidence angle is larger than 37◦. At
a moderate wind speed, compared with the ASCAT data, the A spectrum works better
at low incidence angles (<34◦), and the E spectrum has better performance at incidence
angles of 34◦–44◦. When the incidence angle is larger than 44◦, the E and H18 spectra
achieve relatively good agreement with the ASCAT data. Compared with CMOD5.n, the
A spectrum works well when the incidence angle is smaller than 37◦, and the E spectrum



Remote Sens. 2023, 15, 2191 12 of 22

performs better for incidence angles larger than 37◦. At a high wind speed, the A spectrum
always performs better than the others compared with the ASCAT data and COMD5.n for
incidence angles of 30◦–50◦.
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Figure 8. Simulated NRCSs based on D + Cosine, A + Cosine, E + Cosine, H18 + Cosine,
AH18 + Cosine, and AEH18 + Cosine, and their comparison with the ASCAT data and CMOD5.n
as functions of incidence angle at wind speeds of 3 m/s, 9 m/s, and 16 m/s along the (a–c) upwind
direction, (d–f) downwind direction, and (g–i) crosswind direction.

For the downwind direction, the results are similar to those along the upwind direction,
except for the high wind speed, where all four spectra have good agreement with the
ASCAT data when the incidence angle is larger than 42◦. For the crosswind direction, the
results at a low wind speed are similar to those in the upwind and downwind directions.
However, at a moderate wind speed, the reference data are consistent with the predictions
based on the A spectrum when the incidence angle is less than 35◦, in good agreement
with the E spectrum for the incidence angles of 35◦–39◦, and consistent with the H18 and
D spectra for incidence angles larger than 39◦. At a high wind speed, the A spectrum
performs better than the other spectra generally, except that the H18 spectrum is in good
agreement with the ASCAT data when the incidence angle is larger than 38◦.

The above analysis reveals that the satisfactory sea surface spectrum for NRCS sim-
ulation at different wind speeds and incidence angles varies, and we conjecture that a
combination of these spectra might have wider applicability. Therefore, we chose the A,
H18, and E spectra, which have better performance, to obtain composite spectra. Two
composite wave spectra were obtained through averaging: the average of the A spectrum
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and the H18 spectrum (hereafter, “AH18”), and the average of the A spectrum, E spectrum,
and H18 spectrum (hereafter, “AEH18”).

It can be seen from Figure 8 that in upwind direction, the AH18 spectrum always
performs well at a low wind speed compared with the reference data. The NRCS simulated
with the two combined spectra are almost the same at a moderate wind speed, and the
differences between the predictions of the two combined spectra and the reference data are
within 1.5 dB. At a high wind speed, both the AH18 and the AEH18 spectra underestimate
the mean NRCS in comparison with that of ASCAT and CMOD5.n, and the AH18 spectrum
works relatively better than the AEH18 spectrum. In the downwind and crosswind direc-
tions, the performances of the two combined spectra at different wind speeds and incident
angles are similar to the performance in the upwind direction, except that in the crosswind
direction at a moderate wind speed, the prediction with AH18 has a better consistency with
the reference data when the incidence angle is larger than 40◦.

In order to show the performances of different wind–wave spectra more clearly and
intuitively, Table 1 shows the offset and standard deviation of the simulated scattering
shown in Figure 8 relative to CMOD5.n. Table 2 shows the offset and standard deviation
of the simulated scattering relative to the ASCAT measurements. The incidence angle
is divided into 30◦–40◦ and 40◦–50◦. The mean biases and standard deviations of the
simulated scattering relative to the reference data under the three wind speeds are shown
in each incidence angle cell. After comparing the offsets and standard deviations of the six
wave spectra, we obtained the best-performing wave spectra in different cases and marked
the corresponding results in red and bold. The results clearly show that the AH18 spectrum
has better performance at low and moderate wind speeds, and the A spectrum works
better at a high wind speed. These conclusions are exactly the same as those obtained from
Figure 8.

Table 1. The offset (bias) and standard deviation (std) of the simulated NRCS shown in Figure 8
relative to CMOD5.n.

Wave
Spectrum

3 m/s 9 m/s 16 m/s

30◦–40◦ 40◦–50◦ 30◦–40◦ 40◦–50◦ 30◦–40◦ 40◦–50◦

Bias std Bias std Bias std Bias std Bias std Bias std

D −8.2 0.8 −6.6 0.6 −3.1 0.9 −1.6 1.0 −2.8 0.6 −2.2 0.6
A 2.4 0.6 3.3 0.5 0.4 1.0 2.0 1.0 −0.9 0.6 0.2 0.6
E 2.4 0.8 4.1 0.7 −0.9 1.0 0.7 1.0 −2.3 0.5 −1.5 0.5

H18 −1.9 0.3 −2.0 0.5 −1.8 0.5 −1.4 0.8 −2.1 0.5 −2.0 0.6
AH18 0.7 0.4 1.4 0.4 −0.6 0.8 0.7 0.9 −1.4 0.5 −0.6 0.5

AEH18 1.4 0.6 2.5 0.6 −0.7 0.8 0.7 0.9 −1.7 0.5 −1.0 0.5

The results of best-performing wave spectra in different cases are marked in red and bold.

Table 2. The offset (bias) and standard deviation (std) of the simulated NRCS shown in Figure 8
relative to the ASCAT measurements.

Wave
Spectrum

3 m/s 9 m/s 16 m/s

30◦–40◦ 40◦–50◦ 30◦–40◦ 40◦–50◦ 30◦–40◦ 40◦–50◦

Bias std Bias std Bias std Bias std Bias std Bias std

D −8.9 1.0 −6.7 0.7 −2.5 0.9 −1.0 1.0 −2.4 0.7 −1.8 0.8
A 1.7 0.8 3.2 0.5 1.0 0.9 2.6 1.0 −0.5 0.7 0.6 0.9
E 1.8 1.1 4.0 0.7 −0.3 1.0 1.3 1.0 −1.9 0.7 −1.1 0.9

H18 −2.6 0.4 −2.1 0.4 −1.2 0.5 −0.8 0.8 −1.8 0.7 −1.6 0.8
AH18 0.1 0.7 1.3 0.4 0.1 0.7 1.3 1.0 −1.0 0.8 −0.2 0.7

AEH18 0.7 0.8 2.4 0.6 −0.1 0.8 1.3 1.0 −1.2 0.7 −0.6 0.9

The results of best-performing wave spectra in different cases are marked in red and bold.
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In general, the above comprehensive evaluation of different directional wave spectra
in the NRCS simulation reveals that the directional spreading function has little influence
on the prediction of the incidence angle and wind speed dependences of scattering at
different azimuth angles, while the wave spectrum has significant influence. The AH18
spectrum has better performance at low and moderate wind speeds, and the A spectrum
works better at a high wind speed.

Then, the effects of wave spectra and directional spreading functions on the esti-
mation of azimuthal fluctuation of ocean backscatter are analyzed. Figure 9 illustrates
the predictions of the modified TSM with different wave directional spectra input, and
their comparison with CMOD5.n and the ASCAT measurements as functions of azimuthal
wind direction at incidence angles of 30◦ and 50◦ under wind speeds of 3 m/s, 9 m/s,
and 16 m/s. As can be seen from Figure 9, the use of different wave spectra has little
effect on the prediction of azimuthal fluctuation of the modified TSM, though it results in
rather different performance under different wind speeds and incidence angles. To some
extent, the directional spreading function affects the azimuthal fluctuation of the scattering
simulated by the modified TSM. Different directional spreading functions yield different
azimuth fluctuations. Additionally, the relative undulating patterns produced by different
spreading functions are rather different at different wind speeds, whereas they are mostly
similar at different incidence angles.
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wind direction at incidence angles of 30° and 50° under wind speeds of 3 m/s, 9 m/s, and 
16 m/s. As can be seen from Figure 9, the use of different wave spectra has little effect on 
the prediction of azimuthal fluctuation of the modified TSM, though it results in rather 
different performance under different wind speeds and incidence angles. To some extent, 
the directional spreading function affects the azimuthal fluctuation of the scattering sim-
ulated by the modified TSM. Different directional spreading functions yield different azi-
muth fluctuations. Additionally, the relative undulating patterns produced by different 
spreading functions are rather different at different wind speeds, whereas they are mostly 
similar at different incidence angles.  
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Figure 9. Predictions of the modified TSM using A + Cosine, A + Sech, A + Gaussian, AH18 +
Cosine, AH18 + Sech, and AH18 + Gaussian, and their comparisons with CMOD5.n and the ASCAT
measurements. (a–c) At incidence angle of 30◦ under wind speeds of 3 m/s, 9 m/s, and 16 m/s.
(d–f) At incidence angle of 50◦ under wind speeds of 3 m/s, 9 m/s, and 16 m/s.
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At a low wind speed, the Sech spreading function yields larger NRCS in the up-
wind/downwind directions (0◦/180◦) and smaller NRCS in the crosswind directions
(90◦/270◦) than the Cosine and Gaussian spreading functions. That is, the NRCS estimated
with the Sech spreading function has slightly greater ups and downs with wind direction.
At a lower incidence angle, the Cosine and Gaussian spreading functions are in better
agreement with CMOD5.n and the ASCAT data. At a higher incidence angle, the Sech
spreading function achieves a similar up and down pattern to the CMOD5.n, while the
Cosine and Gaussian spreading functions, which have slightly weaker ups and downs with
wind direction, are in better agreement with the ASCAT data.

At a moderate wind speed, the Cosine and Sech spreading functions, which yield
almost the same results, have better performance at lower incidence angles compared
with CMOD5.n and the ASCAT data. However, at a higher incidence angle, the Gaussian
spreading function, which produces the largest ups and downs, performs better. At a high
wind speed, the Cosine spreading function is in better agreement with CMOD5.n at lower
incidence angles. However, the Gaussian spreading function achieves a similar up and
down pattern to the ASCAT data. At a higher incidence angle, the Sech spreading function
achieves a similar up and down pattern to CMOD5.n. Meanwhile, the Cosine and Gaussian
spreading functions are in better agreement with the ASCAT data. As can be seen, the
optimum spreading function is different when the wind speed and incidence angle are
different.

In general, the Gaussian spreading function has better performance in predicting the
azimuthal fluctuation of scattering, except that the Cosine and Sech spreading functions
work better at a moderate wind speed when the incidence angle is low.

The most important azimuth behavior of ocean radar backscatter is the upwind–
downwind asymmetry. The upwind–downwind asymmetry estimated with different
directional wave spectra is different. Figure 10 shows the differences between the NRCSs
in upwind and downwind directions calculated by the modified TSM with A + Cosine, A +
Sech, A + Gaussian, AH18 + Cosine, AH18 + Sech, and AH18 + Gaussian input, and the
results of ASCAT and CMOD5.n ((a)–(c)) as functions of incidence angle at wind speeds of
3 m/s, 9 m/s and 16 m/s, and ((d)–(f)) as functions of wind speed at incidence angles of
30◦, 40◦, and 50◦.

At low winds, the computed upwind–downwind differences using the six wave
directional spectra are lower than the ASCAT data and CMOD5.n, but they show a similar
increasing trend with the incidence angle increasing from 30◦ to 50◦. The AH18 spectrum
yields larger upwind–downwind NRCS differences than the A spectrum, which is more
consistent with the reference data, while the results produced by the Cosine, Sech, and
Gaussian directional spreading functions are almost the same over the whole incidence
angle range of 30◦–50◦. At moderate winds, different wave spectra yield rather different
incidence angle dependences of the upwind–downwind differences. The AH18 spectrum
produces a faster increasing trend at lower incidence angles and a faster decreasing trend
at higher incidence angles. The transition angle is about 37◦ for all the three spreading
functions. By comparison, the A spectrum yields a much slower increasing and decreasing
trend, and a larger transition angle that is approximately within 46◦–48◦. The upwind–
downwind difference estimated with the Cosine spreading function is the largest, followed
by the Sech one, and the Gaussian one is the smallest. The best agreement with CMOD5.n
is obtained by the AH18 + Gaussian at lower incidence angles, while at higher incidence
angles it is the A + Gaussian. The ASCAT data are close to the AH18 spectrum with
all three spreading functions when the incidence angle <44◦, but in good agreement
with the A + Gaussian at incidence angles larger than 44◦. At high winds, the upwind–
downwind differences first increase then decrease with the incidence angle increasing, and
the transition angle is approximately 37◦. All the six directional wave spectra yield rather
good results, expect that the simulations based on the AH18 + Cosine and AH18 + Gaussian
underestimate the results of CMOD5.n over the incidence angles of 30◦–50◦. In general,
the A spectrum + Sech achieves the best agreement with CMOD5.n. However, the results
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predicted by the CMOD5.n and modified model are in poor agreement with the ASCAT
data at a high wind speed. That might be because the amount of ASCAT data is insufficient
at a high wind speed, and the upwind–downwind NRCS differences calculated by the
ASCAT data are not accurate enough.
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Figure 10. Upwind–downwind asymmetry predicted by the modified TSM with different wave
directional spectra input, and their comparison with the ASCAT and CMOD5.n. (a–c) As a function
of incidence angle at wind speeds of 3 m/s, 9 m/s, and 16 m/s. (d–f) As a function of wind speed at
incidence angles of 30◦, 40◦, and 50◦.

At an incidence angle of 30◦, the A spectrum and the AH18 spectrum yield slightly
different behaviors of the upwind–downwind differences with wind speed, while that
produced by the different spreading functions is rather similar. All the six wave directional
spectra yield an increasing trend as wind speed changes from 3 m/s to 16 m/s, which is not
consistent with the slightly decreasing trend seen in CMOD5.n when the wind speed is less
than 7 m/s. The discrepancies at low wind speeds could be attributed to the uncertainties
in the bispectrum, which become greater with decreasing wind speeds. In general, the
A + Gaussian performs better than the others over the wind speed range from 3 m/s to
16 m/s compared with CMOD5.n. Compared with the ASCAT data, all the six directional
wave spectra and CMOD5.n underestimate the upwind–downwind differences at wind
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speeds lower than 10 m/s. At an incidence angle of 40◦, the AH18 spectrum, regardless
of the spreading function used, yields a different trend with wind speed compared to
CMOD5.n at wind speeds of 3 m/s–16 m/s, and so does the A + Cosine. Overall, the
upwind–downwind differences estimated with the A + Gaussian show the best agreement
with CMOD5.n for different wind speeds. The AH18 + Sech performs better when the wind
speed is lower than 10 m/s compared with the ASCAT data. At an incidence angle of 50◦,
none of the six directional wave spectra yield the decreasing trend seen in CMOD5.n with
wind speed at wind speeds less than about 6 m/s. When the wind speed is greater than
6 m/s, the differences between the upwind and downwind NRCSs estimated with the
A + Cosine reach the same magnitude as those in CMOD5.n. The A + Sech and
A + Gaussian have better agreement with the ASCAT data. The upwind–downwind
differences from the ASCAT data first increase and then decrease with the increase in wind
speed, and this trend can be well simulated by the A + Sech and A + Gaussian.

Overall, compared with the ASCAT data, the AH18 + Sech performs better at low
and moderate incidence angles, while the A + Sech and A + Gaussian spectra work better
at high incidence angles. Compared with the CMOD5.n, the A + Gaussian generally
has overall satisfactory performance in predicting the upwind–downwind differences at
different conditions, except for the high wind condition, where the A + Sech has better
performance.

4. Discussion

From the results above, we can see that the upwind–downwind asymmetry could
be well described by the modified TSM with the A spectrum input at different wind
speeds and incidence angles. However, we find that the modified TSM performs poorly
in predicting upwind/crosswind anisotropy. Here, we scale the anisotropy by the B
parameter, defined as (σ0(upwind) + σ0(downwind)—2σ0(crosswind))/2. Figure 11 shows
estimations of B based on the modified TSM using different directional wave spectra,
and their comparisons with the ASCAT data and CMOD5.n; Figure 11a–c as functions
of incidence angle at wind speeds of 3 m/s, 9 m/s, and 16 m/s, and Figure 11d–f as
functions of wind speed at incidence angles of 30◦, 40◦, and 50◦. As can be seen, the use of
different wave spectra has little effect on the prediction of the B values, while the B values
estimated with different spreading functions are rather different. We can see that none of
the directional spreading functions provide reasonably good agreement with the ASCAT
data and CMOD5.n in predicting upwind/crosswind anisotropy, though the Gaussian
spreading function performs relatively better than the other two spreading functions. In
other words, all the three directional spreading functions—the Cosine form, the Sech form,
and the Gaussian form—cannot well describe the upwind/crosswind anisotropy of ocean
backscatter. This might be due to the fact that most of the existing directional spreading
functions cannot describe the directionality of the short gravity waves [48]. In [48], Du et al.
constructed an improved spreading function based on the Cosine spreading function to
describe the upwind–crosswind asymmetry of L-band ocean surface backscattering. That
is to say, an improved spreading function also needs to be developed to better describe the
C-band upwind/crosswind anisotropy.

Furthermore, the applicability of the modified TSM at high wind speeds is discussed
here. It can be seen from Figure 10 that the spreading function has little influence on the
variation trend of NRCS and upwind–downwind asymmetry with wind speed. Therefore,
the Gaussian distribution function, which has overall good performance, is selected here.
Tables 3–5 show the ζ values at different wind speeds and incidence angles of 30◦, 40◦, and
50◦ based on the A and AH18 wave spectra. It can be seen that the ζ value first increases
sharply and then decreases with wind speed increasing, and the transition wind speed is
approximately 25 m/s.
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Figure 11. Upwind–crosswind anisotropy predicted by the modified TSM with different directional
wave spectra input, and their comparisons with the ASCAT data and CMOD5.n. (a–c) Results plotted
as functions of incidence angle for wind speeds of 3 m/s, 9 m/s, and 16 m/s. (d–f) Results plotted as
functions of wind speed for incidence angles of 30◦, 40◦, and 50◦.

Table 3. The ζ values at different wind speeds under incidence angle of 30◦.

Wave
Spectrum

Wind Speed (m/s)

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

A 0.80 1.00 1.40 1.80 2.40 3.40 5.00 8.00 29.00 25.00 9.00 5.00 4.00 3.00 2.00
AEH18 0.80 1.00 1.40 1.80 2.40 3.40 5.00 8.00 29.00 25.00 9.00 5.00 4.00 3.00 2.00

Table 4. The ζ values at different wind speeds under incidence angle of 40◦.

Wave
Spectrum

Wind Speed (m/s)

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

A 0.84 1.00 1.40 1.80 2.20 3.20 4.80 8.00 27.00 24.00 9.00 5.00 4.00 3.00 2.50
AEH18 0.84 1.00 1.40 1.80 2.20 3.20 4.80 8.00 27.00 24.00 9.00 5.00 4.00 3.00 2.50
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Table 5. The ζ values at different wind speeds under incidence angle of 50◦.

Wave
Spectrum

Wind Speed (m/s)

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

A 0.80 1.00 1.20 1.60 2.00 2.80 4.20 7.00 25.00 22.00 8.00 5.00 3.00 3.00 2.00
AEH18 0.80 1.00 1.20 1.60 2.00 2.80 4.20 7.00 25.00 22.00 8.00 5.00 3.00 3.00 2.00

Figure 12 shows the upwind–downwind asymmetry predicted by the modified TSM
with A + Gaussian and AH18 + Gaussian input, and their comparison with CMOD5.n
as functions of wind speed at incidence angles of 30◦, 40◦, and 50◦ at high wind speeds
of 16-30 m/s. The results show that, compared with CMOD5.n, the upwind–downwind
difference can be well predicted by the modified TSM at high wind speeds under different
incidence angles, except that the prediction of CMOD5.n gradually decreases with wind
speed at the wind speeds of 16–19 m/s under incidence angle of 40◦, while the results of
modified model show an increasing trend. Although the upwind–downwind difference
predicted by the modified model is highly consistent with CMOD5.n, the predictions of
modified TSM in upwind and downwind directions gradually deviate from the results of
CMOD5.n and the measurements with wind speed increasing. This may be because the
wind wave spectra only work well at low and moderate wind speeds, and are no longer
accurate at high wind speeds.
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Figure 12. Upwind–downwind asymmetry predicted by the modified TSM with A + Gaussian and
AH18 + Gaussian input at high wind speeds, and their comparison with CMOD5.n as functions of
wind speed (a) at incidence angle of 30◦, (b) at incidence angle of 40◦, and (c) at incidence angle
of 50◦.

5. Conclusions

Knowledge of the ocean backscatter at various azimuth angles is important for the
interpretation of microwave remote sensing data. However, the azimuth angle dependence
of ocean radar backscatter cannot be accurately described at present due to the lack of a clear
understanding of the non-Gaussianity of the ocean surface. The numerical estimation of the
ocean backscatter at different azimuth angles is affected by the selection of the directional
wave spectra. In this paper, the effects of directional wave spectra on the prediction of
ocean backscatter at various azimuth angles with the modified TSM improved based on
CMOD5.n are investigated over the wind speed range of 3–16 m/s, the wind direction
range of 0◦–360◦, and the incidence angle range of 30◦–50◦ by comparing the simulated
results with the ASCAT data and CMOD5.n.

At first, the skewness-related parameter ζ in the modified TSM was estimated based on
CMOD5.n under various incidence angles and wind speeds for different wave directional
spectra. Results show that the magnitude of ζ increases quadratically with wind speed
increasing, and generally it first increases and then decreases with the incidence angle. The
sensitivity of ζ to the incidence angle is much weaker than to wind speed. The estimation
of ζ is slightly affected by the selection of the wave spectra, but is barely affected by the use
of different spreading functions.
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Then, the simulated results with the modified TSM were compared with CMOD5.n and
the ASCAT measurements to discover the effects of different wave spectra and directional
spreading functions on the prediction of azimuthal features of ocean radar backscatter. The
results show that in upwind, downwind, and crosswind directions, the overall performance
of the modified TSM under different wind speeds and incidence angles is highly dependent
on the selection of the wave spectra. The AH18 spectrum has better performance at low
and moderate wind speeds over an incidence angle range of 30◦–50◦, while the A spectrum
works better at a high wind speed. In addition, the difference in upwind–downwind
NRCSs depends on the selection of the wave spectra as well, and the A spectrum generally
works better.

Nevertheless, the wave spectra have little effect on the azimuthal fluctuation of scatter-
ing. The azimuthal fluctuation of scattering is highly dependent on the type of directional
spreading function. The relative patterns of azimuthal undulation produced by different
spreading functions are rather different at different wind speeds, whereas they are mostly
similar at different incidence angles. At a low wind speed, the scattering estimated with the
Sech spreading function has greater ups and downs with wind direction, while at moderate
and high wind speeds, the Gaussian spreading function produces the largest ups and
downs. The Gaussian spreading function generally has better performance in predicting
the azimuthal fluctuation of scattering, except that the Cosine and Sech spreading functions
work better at moderate wind speed when the incidence angle is low.
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