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Quantitative Evaluation of the Effects of Large-Scale
Sea Wave Components on Microwave
Backscattering From Ocean Surface

Dengfeng Xie

Abstract—This article quantitatively examined the effect of these
long-wave components with wavelength larger than the Bragg
component on radar backscattering using the series-expanded
first-order small-slope approximation (SSA-1) and the Hwang sea
wave spectrum model. First, some roughness with various scales
is constructed using different long-wave sea spectrum components
and, subsequently, is cast into SSA-1 to obtain the corresponding
normalized backscattering cross section (NBCS) at different radar
frequency, incidence angles, and wind speeds, respectively. Then,
the effect of large-scale wave components on radar backscattering is
revealed by analyzing the NBCSs with different roughness. Finally,
the existing wavelength filtering theory explained the effect of large-
scale waves on radar backscattering. It was also verified by another
scattering model, i.e., the advanced integral equation model and
radar measurements. Besides, we also investigate the effects of
sea states and swell waves on the numerical simulation results.
The effect of long-scale waves on NBCS clarifies the source of
backscattering from the multiscale sea surface, which is helpful for
both analytical and numerical scattering models to explore the sea
surface scattering properties and better interpret the radar sensing
of sea surface. Also, the examination of the effect of sea states and
swell waves on radar backscatter is instructive for reducing the in-
version errors of sea surface wind speed from radar measurements
by means of configuring the appropriate radar parameters (e.g.,
high frequencies and large-incidence angles).

Index Terms—Bragg component, first-order small-slope
approximation (SSA-1), multiscale roughness, radar
backscattering.

1. INTRODUCTION

N LARGE undulating sea surface ride, many diverse
O scale harmonic waves bring the nature of sea surface
with a multiscale roughness and a broad power spectrum [1],
[2]. The small-scale waves of the sea surface are caused by
local wind or arise due to the locally strong nonlinear processes
(e.g., wave breaking events); and the air—sea interaction and
the relatively weak nonlinear processes accumulating over vast
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areas are responsible for generating long waves [3]. Therefore,
the multiscale feature leads to the complexity of the physical
process involved in the interaction between electromagnetic
(EM) waves and sea surface, especially in the microwave range
where EM wavelength lies between the large gravity waves and
the small capillary ripples [4]. Analytical or numerical scattering
models play an important role in both the interpretation of
the microwave scattering process from the sea surface and the
retrieval of sea surface parameters [5]-[7]. The commonly used
analytic models include classical Kirchhoff approximation (KA)
and small perturbation model (SPM), and the unified models
that bridge the gap between KA and SPM in the scope of
application and are applicable to various scale roughness on
sea surface within their respective theoretical frameworks, such
as two-scale model (TSM), integral equation model (IEM) and
its advanced version (AIEM), and a small-slope approximation
(SSA) [8]-[13]. These scattering models are based on sur-
face statistical parameters, e.g., normalized correlation function,
correlation length, and root-mean-square (rms) height, which
can be calculated using specific surface spectrum components
[7]. These specific statistical input parameters of the scattering
model represent a specific and identifiable roughness. There-
fore, the resulting model outputs are only responsible for the
specific roughness of a rough surface. That is to say, a set of
input roughness parameters corresponds to the specific model
output.

Wave scattering by the real sea surface, in fact, involves
scattering at multiple scales [14]. It is known that the backscat-
tering from small-scale waves is modulated by facet slopes
because of the longer waves [10], [15]. The model-calculated
scattering is a heuristic in one way or other in the sense that
the boundary wavenumber has yet to be determined empirically,
which obscures the details of the specific effect by different scale
large waves on normalized backscattering cross section (NBCS).
Xie et al. [16] discussed the effective roughness responsible for
NBCS but did not cover the specific evaluation of the effect
of long waves on radar backscatter. Besides, some numerical
studies were devoted to exploring the effect of large-scale rough-
ness on radar backscatter but they focused on a few large-scale
roughness [17], [18]. Up to date, the more detailed quantitative
evaluations of the effect of various long-scale wave components
on NBCS are rarely reported. However, detailed knowledge
of the contribution from different scale large waves is useful
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to reveal the underlying scattering mechanism and scattering
source. In addition, it is instructive for the analytical TSM to
determine the cutoff wavenumber for dividing large and small
scales roughness. For the rigorous numerical methods, such
as the method of moments [19], [20], the attempt is made to
select on a basis to match the experimental data, the appropriate
wave components to generate rough surface for calculating sea
surface scattering. Although a rich body of research toward the
radar response to sea surface roughness is available [21]-[27],
the explicit effects of different scale long waves that control
the radar response from the complex ocean waves are unclear.
The knowledge of the effects from these long waves on radar
backscattering is instructive to deepen our understanding of the
process of EM waves from sea surface for extracting desired
ocean variables (e.g., wind speed, wave height, wave slope,
ocean—wave spectrum, and apparent surface temperature) from
remote sensing of the ocean.

Based on the above requirement, this study attempts to quan-
titatively evaluate the effect of different large-scale waves of the
sea surface on NBCS. The SSA scattering model can describe the
scattering from both small- and large-scale surfaces within the
single theoretical scheme and automatically taken into account
the effect caused by the wave components at all scales inputted
into the SSA model [28]-[30]. Considering the competence of
SSA-1 model to cope with all scales wave components and
its acceptable accuracy and efficiency in sea surface scattering
simulations [31]—[33], the SSA-1 model is adopted in this study
to simulate the NBCS from sea surface with different roughness.
Therefore, to explore the effects of various large-scale waves
on NBCS, we calculate the backscattering coefficients under
different sea surface roughness with the SSA-1 model at various
wind speeds and different radar frequencies in an effort to clarify
the backscattering source from the multiscale sea surface. The
rest of this article is organized as follows. Section II briefly
introduces the SSA-1 and sea spectrum models. The numerical
results of the effect of different large-scale waves on NBCS
at different frequencies, incidence angles, and wind speeds are
presented in Section III. In Section IV, we discuss more about the
impact on the NBCS simulations. Finally, Section V concludes
this article.

II. METHODOLOGY

When an incident plane EM wave l%i(@i, ¢;) along incidence
angle 6; and azimuth angle ¢; encounters a dielectric discon-
tinuity at air-sea interface, a scattered wave 1%5(95, ¢s) with
scattering angle 6, and azimuth angle ¢ can be observed, whose
amplitude is determined by the geometric and physicochemical
properties of rough surface and the incident wave direction.
The geometry of EM wave bistatic scattering from rough sea
surface is illustrated in Fig. 1. Regarding the backscatter mode
concerned in this study, there is I%S = —I%i.

A. First-Order SSA Model

The incoherent normalized radar cross section calculated
by using the SSA-1 model is expressed as follows [29],
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Fig. 1. General geometry of EM wave scattering from rough sea surface. (The
colors of base diagram represent different sea elevations.).

[301, [34], [35]:
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where the subscripts ¢ and p denote the received and trans-
mitted polarizations, respectively; {k;, ks} are the horizontal
projections of the incident and scattered wave vectors, and
{¢i, qs } are their vertical projections, respectively. Q = ¢; + ¢s.
Bpq(ki, ky) is the matrix of the first-order small perturbation
method given in [29]; 02 and p(r) are the variance and autocor-
relation function of the sea surface, respectively.

In this study, the Bragg wavenumber is used as the reference
for measuring different large-scale waves. To examine the effect
of large-scale waves with wavelength larger than the Bragg
components on radar backscatter, we rewrite (1) in terms of
the sea wave spectrum. After some lengthy but straightforward
manipulations, (1) can be expressed with different order sea
wave spectrum as a compact form [35]
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where W (") is the higher order sea wave spectrum and can be
expressed as the Fourier transform of the nth power of the two-
dimensional (2-D) normalized correlation function of rough sea
surface p"(r). The detailed manipulations can also be seen in
the Appendix.
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The vector k; — k; in (3) has the following form in rectangu-
lar and polar coordinates, respectively:

(ks - kz) = (ks:c - ki:ca ksy - ku/) = (K7 (b) (4)

with
ksw = ksinfgcos ¢s, kg = ksinb, sin ¢, (5a)
kix = ksin 91 COS (bi, kiy = ksin 91' sin (]51 (Sb)
K = \/(ksw — kiz)® + (ksy — kiy)? (5¢)
key — ki
= arctan { ~——=% 5d
¢ = arc an(ksx—kim) (5d)

where k is the EM wavenumber, K represents a specific spec-
trum component of rough sea surface, which is called “Bragg
component,” Kprge, and ¢ describes the azimuth direction of
the corresponding Bragg component relative to the upwind
direction. In backscattering (6; = 0, o5 = ¢; + ), K is equal
to 2k sin 6; (0° < 6; < 90°). Hence, the higher order sea wave
spectra at the Bragg component Kpg,e along the azimuthal
direction ¢ relative to upwind direction contributes to the NBCS
[36]. For more details about SSA-1 model and the parameters
therein, readers are referred to [29], [30], [34], and [35].

B. Sea Wave Spectrum Model

To drive the SSA model, we need a quantitative description of
sea surface roughness, i.e., normalized autocorrelation function
and rms height. For sea surface under the Gaussian assumption,
many sea spectrum models are developed to describe the un-
dulating sea surface in terms of energy. A 2-D directional sea
spectrum is expressed as the product of two parts: one is the
omnidirectional spectrum S(K) representing the isotropic part,
and the other is the angular spreading function ® (K, ¢) [2] and
is given in polar coordinates as follows:

S(K,6) = 2S(K)2(K. 6) ©

where
B(K, ¢) = [1 + A(K) - cos(24)]/2r. )

In (6), ¢ is the azimuth angle relative to mean wind direction
in the frequency domain; and in (7), A(K) is the upwind—
crosswind ratio that describes the anisotropy of the spreading
function [2]. The mean square height o2, mean square slope o2,
and normalized autocorrelation function p(r, ) of sea surface
elevation are related to the sea wave spectrum by

o? = / h S(K)dK ®)
0

— OOKQS(K)dK )
0

[s%) 21
plr¢) = ; /O /0 S(K, 6) exp(jKr cos(p — ) KdKdo
(10)

where ¢ is the azimuth angle relative to the upwind direction in
the spatial domain, and 7 is the lag distance along the azimuth
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Fig.2. (a) Omnidirectional H18 sea wave spectrum S(K') and (b) cumulative

mean square slopes at several wind speeds ranging from 5 to 20 m/s with the
interval of 5 m/s.

direction (. The integrand, K2S(K), in (9) is called the slope
spectrum [2].

The newly developed Hwang spectrum [37], labeled as H18
spectrum hereafter, is adopted to drive the scattering model due
to its robustness in the simulations of NBCS from sea surface
[37]-[39]. The H18 spectrum combines the HI15 [25] in the
high-frequency region (/X > 1 rad/m) and the G spectrum [38]
in the low-frequency region (K < 1 rad/m), and the spectrum
in the region between 1 < K < 4 rad/m is linear interpolated.
The omnidirectional H18 spectrum of fully developed seas (i.e.,
the inverse wave age of sea waves is 0.84), S(K), and the
cumulative mean square slopes (i.e., fOK K?S(K)dK) [2], at
the wind speeds of 5-20 m/s with the interval of 5 m/s, are
plotted in Fig. 2. Here, the specific variables in H18 spectrum
are referred to that in its MATLAB code [37].

It can be seen in Fig. 2(a) that, as wind speed increases, the
peak of height spectrum shifts to lower wavenumber, and the
energy of each spectrum component increases. Meanwhile, most
of the energies of sea surface waves are mainly occupied by
low-frequency components, which determine the rms height of
the sea surface [see (8)]. In Fig. 2(b), the cumulative mean square
slope has a similar variation with wind speed to that of the height
spectrum, and the contributions from different wave components
to the mean square slope reduce as the wavenumber of wave
component increases, especially for low wind speed.

III. NUMERICAL RESULTS

In this section, we show the numerical NBCSs with and
without the large-scale waves relative to Bragg wave component
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in the execution of SSA-1 model at several incidence angles,
wind speeds, and radar frequencies, respectively. By compar-
ative analysis of these simulations, the quantitative effect of
large-scale waves on radar backscattering will be made clear.

From the SSA-1 model in (2)—(5), we see that it is the
surface spectrum with different orders, W (K, ¢), evaluated
at Bragg resonant components Kppg, in the azimuth of ¢
that produces backscattering [11], [29]. Therefore, the Bragg
component K, is entailed in the generation of roughness
scales. Now, we construct various roughness generated by wave
components containing different large-scale wave components
relative to the Bragg component. Based on this, the range of
the spectrum components used for constructing the sea surface
roughness is [cKpree,00), Where ¢ is a nonnegative variable
parameter with the maximum value of 1. Thus, the long wave
component participating the construction of roughness can be
controlled by adjusting the parameter c. The above experimental
setup enables us to examine the effect of large-scale waves with
wavelength larger than the Bragg component in radar backscat-
tering. Accordingly, the lower limit of wavenumber variable K
in the integrals in (8)—(10) is replaced by cKprag-

In this study, the values of care taken between 0 and 1 at
the interval of 0.02. When c is close to 0, it corresponds to
the case that the full-spectrum components participate in the
construction of sea roughness, which involves the effect of all
scale waves on radar backscattering. The radar parameters in this
study focus on the low-frequency L-band (f= 1.26 GHz and k =
26.34 rad/m) and medium-frequency C-band (f = 5.3 GHz and
k = 111 rad/m), and the incidence angles varying from normal
incidence to 70°. The wind speed representing sea condition
is set to be within 20 m/s. Also, the Debye equation [40] is
applied to obtain the seawater permittivity with fixed seawater
temperature and salinity at 20 °C and 35 ppt. Based on the above
parameters, the corresponding NBCSs calculated by the SSA-1
model are given next.

A. Incidence Angle Dependence

We simulated the L-band copolarized NBCSs varying with
variable ¢ ranging from 1 to O at several incidence angles along
the azimuth in line with the upwind direction, assuming that the
wind speed is 10 m/s. The corresponding simulations are shown
in Fig. 3.

In Fig. 3, we see that, at near-normal incidence, the Bragg
component Kprge in 5(c) equal to 2k sin 6; is very close to 0
rad/m, which indicates that most of the long wave components
are responsible for sea surface roughness, whatever the value
of ¢ is. The full-spectrum component generates a large-scale
roughness with the correlation length up to more than 10 m and
the rms height up to tens of centimeters at a wind speed of 10
m/s [18], [34]. In this case, the scattering characteristic follows
the behavior of KA model and has no difference in polarization
[6].

As incidence angle increases to medium angles (e.g., within
30°), the large-scale gravity wave components significantly af-
fect NBCSs. For example, at an incidence angle of 10°, the
effect of large-scale wave components causes a difference of

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022

L-band; VV; 10 m/s

16 [ " incidence angle =0° |
5 T S R S S
10 ; : : . T ; ; : T
4 I ] n i !
- | - : - : - - - - - 200]
5 ] I I n : : !
m - : - : - - - - ;
© 8 30°
5 -1 ] I n I - !
o 13 T T T T T T T T —40°]
o J
Z s I . L ; ] ] ] i
-15 : : : r : ; ' —5o°]
% | N N N ]
- T T ]
i -— — %]
20 ——— . : : ; )
I S S
21
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
c value
(a)
L-band; HH; 10 m/s
16| j I [ j incidence angle =0°
W e —
10 T T T T T T T T T
10°
]
20°]
8 ! I I r - !
m . : : : : T
@ 12 0|
5 -5 . I n ; j
G 19 . . ! | ! - : -
@D 40 ]
Z o1 I I - -
26 |¥ . ! - 5]
%; . | L I n N n N N ]
: : . : : : - 60"‘
a3 l; I ;
-40 T T T T T T T T T 7001
41 1 N 1 T N N N T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
c value
(b)
Fig. 3. Simulated L-band NBCSs for (a) VV-polarization and (b) HH-

polarization versus c-values at upwind direction with the wind speed of 10 m/s
for several incidence angles ranging from normal incidence to 70°.

about 5 dB. The differences are about 4 and 3 dB for incidence
angles of 20° and 30°, respectively. Besides, one can see that
these large-scale waves with noticeable effect on NBCSs con-
centrate on the range from 0 to 0.5Kpage, While other scale
waves larger than the Bragg component have little influence on
radar backscattering. The reason is because, taking the incidence
angle of 30° an example, the wavenumber of Bragg component
(2k sin 0;, here, ; = 30°) in this case is equal to the wavenumber
of L-band, i.e., 26.34 rad/m, and the lower limit (i.e., cKBrage)
of wave components participating the generation of sea surface
roughness for NBCS simulations is greater than 13.17 rad/m
after c-value exceeds 0.5.

It can be seen from Fig. 2(b) that about half of the mean
square slope of sea surface under wind speed of 10 m/s is
contributed by these wave components with a wavenumber less
than 13.17 rad/m. However, the effect of large-scale waves on
radar backscattering is carried out by the slope of the sea surface,
which changes the local incidence angle of EM waves. There-
fore, these wave components with relatively small contribution
to the slope of sea surface also have the limited effect on radar
backscattering at L-band.

When incidence angle increases further, say, greater than 50°,
the effect of the long waves on radar backscattering becomes
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Fig. 4. Similar to Fig. 3 but for more nuanced segmentation of the c-value
ranging from O to 0.2 with the interval of 0.0005.

weaker and weaker, which is within about 1 dB and even almost
disappears at incidence angle up to 70°. It indicates that only the
small-scale sea waves are responsible for radar backscattering at
large-incidence angles. The Bragg wavenumber at the incidence
angle of 70° is relatively large up to 49.6 rad/m. When the c-value
increases by one interval length from zero, i.e., ¢ = 0.02, the
corresponding lower limit of the range of these wave components
used for generating the sea surface roughness is about 1 rad/m.
However, these wave components with wavenumber less than 1
rad/m have relatively large contribution to mean square slope.
To further examining the effect of these wave components with
wavenumber less than 1 rad/m on radar backscattering at large-
incidence angles, it requires a more nuanced segmentation of
the c-value. In this case, similar to Fig. 3, we replot the NBCSs
versus c-value but ranging from 0 to 0.2 with the interval of
0.0005 for incidence angles of 50°, 60°, and 70°, as shown in
Fig. 4.

It is clearer to show the effect of large-scale waves with the
wavenumber ranging from 0 to 0.2 Kp,ee 0on radar backscatter-
ing at large-incidence angles. These simulations further demon-
strate that the large-scale long waves on sea surface still have
little effect on radar backscattering at large-incidence angles.

Besides, to show the effect of large-scale waves on NBCS
more clearly, we replot the variations of NBCS with incidence
angles for several different c-values, as shown in Fig. 5. It
shows that the largest wave components ranging from 0 to
0.1Kgrage have the most significant impact on radar backscatter-
ing and continue so up to incidence angle of 50°. Beyond 50°,
these large-scale wave components have little effect on radar
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but replotted in function of incidence angle for several different c-values.
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Fig. 6. VV-polarized NBCSs varying with c-value for several wind speeds at
incidence angels of (a) 20° and (b) 40°.

backscattering. However, the influence from other large-scale
wave components except for these components ranging from
0 to 0.1Kpage on the sea surface gradually decreases and is
unchanged when the c-value exceeds 0.5.

In short, the large-scale wave components with wavenumber
between 0 rad/m and 0.5 Kp,g, have different degrees of effect
on radar backscattering for incidence angles less than 50°.
However, these large-scale wave components have little effect
on NBCSs for incidence angles greater than 50°. The numerical
results verified that these large-scale wave components can be ig-
nored in calculating the NBCSs at medium- and large-incidence
angles [14].

B. Wind Speed Dependence

The wind speed is a factor that shapes the sea wave spectrum,
which represents the energy distribution of each wave compo-
nent [see Fig. 2(a)]. Therefore, it is necessary to investigate the
effect of large-scale wave at different wind speeds. Here, based
on the analysis in Section III-A, we select a small-incidence
angle of 10° and a moderate incidence angle of 40° to examine
the impact of the wind speed on the effect of large-scale waves
on VV-polarized NBCS. The simulation results at different wind
speeds are shown in Fig. 6.
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We can see in Fig. 6 that, for the two incidence angles, the
difference between the NBCSs at ¢ = 0 and ¢ = | becomes
large with the increase of wind speed, indicating that the effect
of large-scale waves on NBCSs is more significant for higher
wind speed. This is because these large-scale wave compo-
nents also have large contribution to sea surface slope with
the increase of wind speed [see Fig. 2(b)]. While the variation
trends of NBCS with c-value are consistent with each other
regardless of wind speed, their difference mainly exists in the
levels of radar backscattering. A similar behavior at different
wind speeds suggests that the effect of long-scale wave on radar
backscattering not only affected by wind speed but only related
to wave components used in the calculation for a given radar
frequency.

C. Radar Frequency Dependence

Unlike the wind speed, the frequency will change the wave
components inputted into SSA-1 for each calculation of NBCS
simulation. To investigate the effect at different radar frequen-
cies, we also calculated C-band (f = 5.3 GHz and k = 111
rad/m) radar backscattering at different incidence angles, similar
to the treatment of L-band. The corresponding simulations for
VV-polarization are displayed in Fig. 7.

It can be seen from Fig. 7 that the NBCSs at L- and C-bands
have a similar behavior varying with the c-value, although they
correspond to different sea spectrum components. For incidence
angles within 30°, these large-scale wave components with
significant effect on NBCS at C-band still range from 0 to
0.5 KBragg, Which is similar to that at L-band. As the incidence
angle increases, the effect of large-scale wave components on
NBCS is very weak and even vanishes at incidence angle of 70°.
A similar variation of the effect on radar backscattering with
c-value for different radar frequencies indicates that the sizes
of these large-scale wave components with significant effect on
radar backscattering are relative. They only relate to respective
Bragg resonant components Kprags (KBrage=2k sin ;). This
phenomenon is elaborated in Section I'V.
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IV. DISCUSSION
A. Explanation of the Effects of Large-Scale Waves on NBCS

Based on the aforementioned numerical results, we find that
the long waves larger than the Bragg component has a different
effect on NBCSs with incidence angles. This phenomenon can
be physically explained by “the wavelength filtering effect”
[36]. According to Bragg resonance theory [41], [42], when an
EM wave with a wavelength A impinging on the sea surface
at the incidence angle of 6;, the sea wave component with
the wavelength equal to A/(2sin6;) causes the resonance in
backscattering. In essence, the resonance sea wave wavelength
corresponds to the Bragg wavenumber K. Here, we introduce the
concept of radar “effective wavelength,” A., as reported in [36],
equal to the resonance wavelength, i.e., A, = A/(2sin6;). The
wavelength filtering suggests only those roughness scales com-
parable to the effective wavelength contribute to the backscat-
tering, rationalized by the fact that the smaller roughness cannot
induce backscattering due to its small size, while the larger
roughness serve as a reference plane for scattering. Readers can
refer to [36] for more details about the concept of wavelength
filtering.

Asanillustrative purpose, Fig. 8(a) shows the L-band effective
wavelength varying with incidence angles with the red solid
line. The surface roughness is characterized by the correlation
length and rms height. Therefore, to compare with effective
wavelength, the correlation length of different scale roughness
generated by using a portion of large-scale wave components
with wavelength larger than that of Bragg components is also
shown in Fig. 8(a). Besides, the other roughness parameters,
such as correlation function, rms height, and rms slope, are
plotted in Fig. 8(b)—(d), respectively.

In Fig. 8(a), the effective wavelength is very large at an
incidence angle of about 0° (it is not plotted in the figure because
of its infinite value). In this case, all wave components are
used to generate a large-scale rough surface with a correlation
length up to 14.5 m [see Fig. 8(a) and (b)] and rms height
of about 0.65 m [see Fig. 8(c)]. At incidence angles less than
30°, the corresponding effective wavelength is relatively large,
and these large-scale wave components still contribute to radar
backscattering. As the incidence angle increases further (i.e.,
larger than 40°), the effective wavelength becomes smaller and
smaller. The influence of large-scale wave components on radar
backscattering also becomes weaker and weaker because the
roughness of large-scale waves is gradually away from the
effective wavelength. In this case, the large-scale waves have to
be excluded as the scattering source by the wavelength filtering
and only serve as the reference plane for small-scale waves. For
example, at large-incidence angles (e.g., greater than 50°), the
correlation length of small-scale roughness is much closer to
the corresponding effective wavelength. So, it is selected as the
source responsible for radar backscattering.

The correlation function of sea surface bears zero crossings
[see Fig. 8(b)], given rising from the fact that the wave spec-
trum starts from zero and reaches a maximum value at low
wavenumber [34], [43]. Moreover, the correlation function of a
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smaller scale roughness has more zero crossings before decaying
to zero, which is in accord with the experimental results of short
wind wave fields derived from the wave profiles captured by a
high-resolution camera [45], Fig. 13.

In Fig. 8(c) and (d), we find that the rms height and rms slope
of roughness are proportional to the size of the roughness. These
large-scale waves exist within the radar antenna illuminated area
and modulate the small-scale roughness by large surface slope
for multiscale sea surface. However, they are filtered out by
effective wavelength and have little effect on radar backscatter-
ing at large-incidence angles (e.g., greater than 50°). Therefore,
heuristically including these large-scale waves in modeling will
generate an error or misrepresent the cause of scattering.

B. Validation by AIEM and Radar Measurements

To further look into the effect of large-scale waves on radar
backscattering, an AIEM model was used to cross verify this
effect. In this section, we simulated the upwind-direction NBCSs
at L- and C-bands using SSA-1 and AIEM models with the
wind speed of 10 m/s when the c-value is set to be 0 and 0.5,
respectively. The validation data adopted in this text come from
Aquarius radar extracted from [17] and [45] for L-band and from
the experimental C-band geophysical model function (CMOD7)
(no HH-polarization) [46] for C-band. The Aquarius radar only
had three incidence angles of 28.7°, 37.8°, and 45.6°. The
CMOD7 geophysical model function (GMF) model is available
from the Royal Netherlands Meteorological Institute (KNMI),
and the suggested incident angles are from 16° to 66°. The
corresponding comparisons between them are shown in Fig. 9.

We can see from Fig. 9 that the NBCSs simulated by SSA-1
and AIEM models using full-spectrum components (i.e., ¢ = 0)
are the same for both L- and C-bands at near-normal incidence.
The difference of NBCS calculated by using the two models is
negligible until the incidence angle reaches about 30° except for
L-band VV-polarizations. For incidence angles between 30° and
50°, the large-scale wave components ranging from 0 to 0.5K
rad/m still contribute to NBCSs and cannot be omitted entirely.
However, their effect becomes weaker and weaker. With the
increase of incidence angles, the scattering sources gradually
move toward the small-scale wave. Here, if we still use these
large-scale wave components in the AIEM model, the estimated
NBCS results have a large error. As for why the SSA model is
not affected by these large-scale waves at large-scale incidence
angle, we may view from the fact that the SSA model is derived
from the slope of the rough surface and is dominated by rms
slope of rough surface [13], while AIEM model is based on
surface fields and their behavior is controlled by the correlation
length and rms height of surface [11], [12]. This distinction
between derivation basis results in different kernels in scattering
amplitudes [5], which causes the difference in applicability of
the two models. After the incidence angle greater than 50°, the
calculated results by SSA-1 with (i.e., c = 0) and without (i.e., ¢
=0.5) these large-scale wave components and by AIEM without
(i.e.,c =0.5) these large-scale waves are very close to each other
and are good agreement with reference data. It indicates, at these
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large-incidence angles, it cannot blindly add these large wave
components into the AIEM model. Otherwise, it will result in a
large error.

C. Uncertain Considerations of the Simulation Results

All the previous results are simulated under the assumption
of fully developed sea state with inverse wave age of {2 = 0.84.
Henceforth, the sea state in this article refers to the development
of sea waves described by using the parameter of inverse wave
age. In the real ocean, however, the fully developed sea state is
rare due to the limits of wind fetch [47]. So far, many research
articles have investigated the effect of sea states on the sea sur-
face roughness and radar scattering, e.g., [2] and [48]-[51]. To
further examine the effect of sea states on the simulations in this
article, we continue to conduct a similar numerical simulations
to these in Section III but with different sea states. Fig. 10 shows
the H18 wind wave spectrum varying with the inverse wave ages
of 0.84, 1.5, and 2 when the wind speeds are 5, 10, and 15 m/s.

It can be seen from Fig. 10 that the sea state only affects
the power levels of large-scale wave components but almost
have no effect on the short-wave components for different wind
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L-band and (b) C-band, respectively.

speeds. According to the analysis in Section III-A, the sea states
should only have an influence on the NBCSs simulated at small-
and medium-incidence angles. To verify this, we simulated the
NBCSs in terms of incidence angles at L- and C-bands by using
the full-wave components of wind wave spectrum under the
sea states corresponding to Fig. 10, respectively. The simulation
results are shown in Fig. 11.

We can see from Fig. 11 that the sea state has the varying de-
grees of influence on NBCS simulations for different incidence
angles. On the whole, the influence is obvious within the inci-
dence angles less than 30°. For small-incidence angles less than
about 10°, the large-scale waves dominate the backscattering so
that the sea state has a large influence on the NBCS simulations.
For example, under the case of low wind speed of 5 m/s and
L-band with the vertical incidence [see Fig. 11(al)], the effect
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on NBCS can reach to about 5 dB. The effect becomes small
with the increases of incidence angles, wind speeds, and radar
frequencies [see Fig. 11(al)—(a3) and (b1)—(b3)]. Besides, when
the sea state tends to be fully developed, the simulated NBCSs at
incidence angles within 10° decrease. This is because the rough-
ness of sea surface becomes large when the sea tends to be fully
developed, which can reduce the power levels of backscattering
at the vicinity of vertical incidence; while, the backscattering
at incidence angles within about 10° to 40° increases as the sea
surface becomes rougher. After the incidence angle exceeds 40°,
the sea states have almost no effect on radar backscattering. As
mentioned in the pieces of literature, e.g., [49] and [52], the sea
state is an important factor to be considered when we use the
information obtained from altimeter to retrieve the geophysical
parameters of sea surface.

In summary, the sea state only affects the power levels of
large-scale wave components, resulting in some influence on
the values of NBCSs simulated at small- and medium-incidence
angles where the large-scale wave components have varying
modulation impacts on radar backscattering through their tilting
effects. To further investigate the modulation effect by different
large-scale wave components under various sea states on radar
backscattering at different incidence angles, we follow the same
strategy as that in Section III-A through comparing the NBCSs
contributed by a portion of large-scale wave components with
the wavelength larger than that of Bragg component with those
simulated based on the full-wave components. The correspond-
ing VV-polarized simulation results at incidence angles of 10°,
40°, and 60° for L- and C-bands under the wind speed of 10 m/s
are shown in Fig. 12.

5861

InFig. 12, one can be seen the variation trends of the simulated
NBCSs versus c-values are the same regardless of the sea states
and radar frequencies, which accords to Figs. 3 and 7 but differs
in the levels of NBCSs simulated at ¢ = 0. That is, the sea
states do not affect the variation trend of modulation effects by
the large-scale wave components on the radar backscattering at
different incidence angles but only with a small movement up
or down along the NBCS axis.

In addition to the influence of sea states on the large-scale
wave components, the swell waves coming from far away can
also affect the large-scale low-frequency wind wave compo-
nents, which often results in a multipeaked sea wave spectrum
[53]. Many investigations indicate that the swell waves have
a noticeable effect on radar backscattering and the inversion
accuracy of sea surface parameter [54]-[56], especially for using
the altimeter instruments [57], [58]. Among them, Durden and
Vesecky [54] had numerically investigated the effect of swell
waves on radar backscattering at various wind speeds, incidence
angles, and radar frequencies, and they conclude that the swell
waves have a significant effect on the radar backscattering at
low frequencies (L-band) and small-incidence angles and have
almost no influence for high frequencies (e.g., Ku-band) with
large-incidence angles. This conclusion is consistent with the
influences of sea states on radar backscattering mentioned above
analysis. To examine the effect of swell waves on the NBCS
simulations, we considered the swell effect in the following
simulations. Here, a simple swell spectrum adopted in [54] is
used, which is modeled as a narrow-band Gaussian process with
the following expression:

(h?) 1 (Kx—me>2
) expd oo | (BT Bem
JKm

\I/swell (K:C7Ky) = 2

2nok, oK,

2
+ Ky — Kym
OK,

Yy

Y

where (h?) is the variance due to the swell; K, and K, are
the x- and y-components of the wavenumbers of spectral peak,
respectively; and ok, and ok, are the standard deviations of
K, and K, about K, and K,,, respectively. In general, the
standard deviations are both small.

In the following numerical simulations, we use the same
swell parameters as in [54], i.e., ok, = oK, = 0.0025; the
wavelength of swell wave is 300 m, and the rms height of
swell is 4 m. Assuming that swell waves with these parameters
propagate in the radar look direction. Fig. 13 shows the simulated
NBCS:s at different incidence angles along the upwind direction
from the fully developed seas (i.e., {2 = 0.84) with and without
consideration of the swell effect at wind speeds of 5 m/s and
15 m/s for L- and C-bands, respectively.

We can see from Fig. 13 that the swell waves have a re-
markable influence on the radar backscattering at small- and
medium-incidence angles. For incidence angles larger than 50°,
the swell waves have a negligible effect on NBCS simulations.
Besides, the effect becomes relatively small as the wind speeds
and radar frequencies increase. To examine the effect of swell
waves on the modulation by large-scale waves on the NBCS
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its mixed seas with the Gaussian swell waves expressed in (11).

simulations, we simulate the NBCSs under different large-scale
waves for several incidence angles, which is similar to Fig. 12,
but with one scenario change from the sea state to the swell wave.
The corresponding simulation results are shown in Fig. 14.

It can be seen from this figure that the effect of swell waves
on the modulation by different large-scale wave components on
simulated NBCSs at different incidence angles are similar to that
of sea states (see Fig. 12). That is, these large-scale wave compo-
nents with wavenumber less than 0.5 Kp,g, have relatively large
effect on radar backscattering at small- and medium-incidence
angles but less or almost no effect at large-incidence angles.
Compared with the numerical results under the fully developed
wind seas, the sea states and swell waves finally affect the values
of the simulated NBCSs at small- and medium-incidence angles
but do not affect the variation trend of modulation effects by
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large-scale wave components on radar backscattering at different
incidence angles.

To sum up, according to the examination of the effect of sea
development states and swell waves on the radar backscattering
from the wind sea, it is instructive for eliminating the inversion
bias of sea surface wind speed due to sea states and swells from
the radar measurements by configuring the appropriate radar pa-
rameters, such as high probing frequencies and large-incidence
angles.

V. CONCLUSION

This study quantitatively investigated the effect of large-scale
wave components relative to the Bragg component on radar
backscattering from the multiscale sea surface using the SSA-1
model and Hwang sea wave spectrum as a function of incidence
angles, wind speeds, and radar frequencies. The major findings
of this study include the following.

The large-scale wave components ranging from 0 rad/m to
0.5KpBragg rad/m have a significant effect of more than 3 dB on
radar backscattering at small-incidence angles (i.e., less than
30°) under the moderate wind speed of 10 m/s, while their
effect on NBCS weakens within 2 dB at medium-incidence
angles of 30°-50°. The effect enhances with the increase of
wind speed. However, as the incidence angle increases to 70°,
these large-scale waves have an almost negligible effect on radar
backscattering regardless of wind speed and radar frequency.
This phenomenon can be physically explained by wavelength
filtering. Only those roughness scales comparable to effective
wavelength contribute to backscatter; other roughness scales
are irrelevant and are inherently filtered out. This effect is also
verified by AIEM and real measurement data. Consequently, the
quantitative numerical analysis in this study improves our un-
derstanding of the effect of different large-scale waves on radar
backscattering and can guide us to select the appropriate wave
components for simulating the backscattering of sea surface and,
thus, better-predicting microwave sea surface scatter.

Besides, the sea wave states and the swell waves can also cause
some uncertainties to the NBCS simulation results, especially at
low-frequency radar band (e.g., L-band) and at small-incidence
angles (e.g., less than 30°), but they do not affect the variation
trend of modulation effects by different large-scale wave com-
ponents on the NBCS simulations at different incidence angles.
More importantly, by examining the uncertainties caused by sea
states and swell waves on the radar backscattering from the wind
sea, we can use the high probing frequencies and large-incidence
angles to eliminate the inversion bias of sea surface wind speed
from radar measurements.

APPENDIX

A pivotal formula for SSA-1 model without the coherent
scattering components is expressed as follows [5], [13]:

1]2¢:qs Bpq (i, ks) |?
0 _ pPq
Jpq (klvks) = ; —Q



XIE AND GUO: QUANTITATIVE EVALUATION OF THE EFFECTS OF LARGE-SCALE SEA WAVE COMPONENTS

[ teoli (e = 20) - exp j (. — k) 1] dr
- [ texplizal) - expl-iQal)

~exp[j (ks — k;) - r]dr (12)
For the ensemble average terms in (12), the result up to the
second order is as follows:

(expliQ (2 — 1)) — {expliQ]) - (exp[~i@=1)
~exp{g; [CnliQ)* + 2010Q)(~i@) + Con(~i)]

~exp BCQO(JQ)Q] exp B,OOQ(JQ)Q} (13)
where the symbol (-) represents the ensemble average, and C
indicates the expectation of random variable of sea surface
height z. They can be expressed in terms of mean square
height o2 or the autocorrelation function of sea surface o2p(r)
and the related mathematical derivation can also be seen in
[11] and [34]. For arbitrary two points, z; and zo, on rough
surface, here, Cag = (22 - 22) = 02, Coa = (21 - 21) = 02, and
CH = <ZQ . 21> = 03[)(1‘).

Thus, after a straightforward manipulation, (13) can be given
by an expression involving the mean square height o2 and
autocorrelation function o2 p(r).

(exp[j@Q (22 — 21)]) — (exp[jQz2]) {exp[—jQz1])
= exp {02Q [p(r) — 1]} — exp(~02Q”)
= exp( = 02Q%) {exp [02Qp(r)] — 1}

We may apply a Taylor series expansion for the exponential
term in curly braces in (14) as follows:

1+i Q)] | 5 Q)"

5)
After some lengthy but straightforward manipulations, we can
rewrite (12) in a compact form

2
2QZ qs qu (k'u ks)

(14)
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00 2m
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k)= [0
~exp [j(ks — k;) - r]dr. (17)
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For more details and the specific parameters of the SSA-1

model, readers are referred to [29], [30], [3
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