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Characterization of Polarized SAR Scattering of
Breaking Waves Caused by Internal Solitary Waves
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and Xinmiao Zhang

Abstract—Internal solitary waves (ISWs) resonate with meter-
scale surface waves, which causes crests to overturn and waves to
break strongly, generating many whitecaps. We analyze the polar-
ized SAR characteristics of ISWs based on nonpolarized scattering
theory and polarization decomposition theory. The surface break-
ing waves induced by ISWs generate short-scale waves carrying
Bragg waves on the one hand, which enhances the polarized Bragg
scattering (PD) contribution at the decimeter or centimeter scale
and generate additional nonpolarized scattering (NP) contribution
through specular scattering on the other hand. The copolarized
scattering intensity in ISW regions is always higher than that in
unperturbed sea surface under both L and C bands, with higher
PD and NP contributions. The average PD is 1.3 (1.7) times higher
than that of the unperturbed sea surface, and the average NP is
approximately 82% (165%) higher than that of the sea surface. The
PD and NP values associated with the convergent zones are always
larger than those associated with the divergent zones, indicating
that breaking waves mainly occur in convergence. The results
of HAα decomposition show that the scattering mechanism of
ISWs is surface scattering with reduced scattering entropy and
mean scattering angle. We construct compact polarization based
on fully polarized SAR, and extract polarization parameters that
indicate increased degree of polarization at ISWs, which supports
our inference of enhanced specular scattering.

Index Terms—Breaking waves, internal solitary waves,
nonpolarized scattering, polarimetric SaR.

I. INTRODUCTION

SUBMESOSCALE dynamical processes known as oceanic
internal waves are common in the ocean and propagate

along the pycnocline with frequencies between inertial and
Brunt–Väisälä frequencies, usually generated by tidal interac-
tions with topography [1]. Internal waves, in most cases, can
gradually become highly nonlinear, steepen and decompose into
solitary wave packets consisting of several internal solitons,
known as internal solitary waves (ISWs), which are character-
ized by strong nonlinearity, large amplitude, short period, and

Manuscript received 22 May 2023; revised 7 September 2023 and 30 October
2023; accepted 18 December 2023. Date of publication 20 December 2023;
date of current version 16 January 2024. This work was supported in part by
the National Natural Science Foundation of China under Grant U2006207 and
Grant 42006164. (Corresponding author: Junmin Meng.)

Hao Zhang and Shibao Li are with the College of Oceanography and Space
Informatics, China University of Petroleum, Qingdao 266580, China, and also
with the First Institute of Oceanography, Ministry of Natural Resources, Qingdao
266061, China (e-mail: zhanghao@fio.org.cn; lishibao@upc.edu.cn).

Junmin Meng, Lina Sun, and Xinmiao Zhang are with the First Institute of
Oceanography, Ministry of Natural Resources, Qingdao 266061, China (e-mail:
mengjm@fio.org.cn; sunln@fio.org.cn; zhangxinmiao@fio.org.cn).

Digital Object Identifier 10.1109/JSTARS.2023.3345033

high speed [2], [3]. ISWs play an important role in biological pri-
mary production and the evolution of the climatic environment,
with considerable implications for global marine ecosystems
and ocean engineering. Especially near the continental shelf,
nutrients in deep seawater can be transported to the surface
layer, fostering the growth of coral reefs [4], [5], fish and other
creatures [6], [7], [8]; ISWs also harm to submarines [9], drilling
platforms [10], and oil pipelines [11].

In the past few decades, remote sensing has become the
most common means for investigating ISWs [12]. Synthetic
Aperture Radar (SAR) is an active microwave sensor with
high resolution, full polarization, and all-weather observation
capabilities compared to optical remote sensing [13]. SAR uses
microwaves with centimeter or decimeter-scale wavelengths to
sense (typical wavelengths for L- and C- band are 15 cm and
6 cm). SAR sense sea roughness on a scale comparable to the
electromagnetic waves they emit. In general, the SAR-measured
backscatter energy depends on the sea surface roughness, which
is modulated by the capillary generated by the local wind and
small gravity waves (centimeter-scale resonant Bragg waves).
Resonant Bragg waves are modulated by long waves through
tilted hydrodynamic effects, as well as by surface winds and
other oceanic processes, allowing SAR to make 2-D observa-
tions of the sea surface roughness when it is modified by the
interaction of internal waves with near-surface currents and
wind [14].

ISWs will cause the convergence and divergence of water par-
ticles on the sea surface throughout their propagation, forming
a spatial-temporally varying surface currents field. The varying
currents field interact with the surface wind waves, modulating
the Bragg waves, which are eventually detected by SAR [10].
The convergence region scatters more electromagnetic waves
back to the sensor, and the energy received by the sensor is
stronger. Therefore, in the SAR image, ISWs often appears
as bright (convergence, rough) and dark (divergence, smooth)
stripes [14]. Based on images captured by various SAR sensors,
there are numerous reports on ISWs, such as generation sources,
hydrodynamic parameter inversion, deep learning applications,
and radar scattering characteristics [15], [16], [17], [18], [19],
[20], [21], [22], [23], [24]. However, a full quantitative analy-
sis of SAR backscattering properties of ISWs, particularly the
scattering characteristics of different bands, varied polarization,
and different observation conditions, is urgently required. This
difference in scattering capability is the basis of SAR imaging
of ISWs.
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Fig. 1. (a) HH ENVISAT ASAR image in dB, South China Sea, April 20,
2008, the incident angle is 22.25°. (b) A photograph of a sea surface that has
been ISWs modified; the white aligned dots are whitecaps from breaking waves.

In addition to capillary gravity waves, the ocean surface
typically contains longer scale waves, in which winds continue to
input energy, due to wave-wave interactions, thereby transferring
energy from short waves to long waves, which finally break and
produce whitecaps on the ocean surface. These breaking waves
are important in momentum, energy, and gas exchange at the
air–sea interface and effect the maximum height of surface waves
[25]. Obviously, surface waves can also break in the absence of
wind, such as when a swell on the shore.

Breaking waves may result from several formation mecha-
nisms, such as those related to microbreaking of decimeter-scale
waves and the formation of nonlinear structures, or those related
to strong breaking of meter-scale waves and crests overturning.
Resonance occurs for an ISW when its phase velocity matches
the group velocity of the surface waves ( Csw

group = CIW
phase ) [26].

Due to the accumulation of energy, the crest will be violently
overturned and broken even at modest wind. Based on the
dispersion relation of deepwater waves, the wavelength of res-
onant surface waves is: λsw

resonent = (8π/g)(CIW
phase)

2
. The phase

velocities of ISWs are typically between 1.0 and 2.0 m/s, and the
wavelengths of resonant surface waves range from 3 to 10 m.
Therefore, both field observations and remote sensing images
revealed an abundance of whitecaps caused by the breaking of
meter-scale waves in the sea surface, where ISW pass, particu-
larly in the convergence zone [27] [see Fig. 1(b)].

The contribution of ISW-induced wave breaking to SAR
echoes is not entirely understood, and there are relatively few
studies on this topic. Alpers described the SAR imaging pro-
cess of ISW according to weak hydrodynamics and the Bragg
scattering theory [14], but it ignored the scattering contribution
of breaking waves and is unable to explain the spike-like pulse
signal in SAR images. These breaking waves may scatter in a
variety of ways, including edge diffraction from sharply crested
waves, the quasi-specular backscattering from the steep forward
faces of breaking waves, and the enhanced Bragg scattering due
to small-scale roughness caused by wave breaking. Research
hotspots in ISW SAR imaging include the question of whether
breaking waves in the divergent and convergent zones differ
significantly from one another and whether this difference is
influenced by band and other environmental conditions.

According to Kudryavtsev et al., the scattering process asso-
ciated with breaking waves can be described as nonpolarized

(NP) backscattering, which is less sensitive to polarization and
contributes significantly to HH and VV measurements [28]. The
literature has noted that when ISWs cause surface waves to break
at intermediate incidence angles, nonpolarized backscattering,
which combined with polarized Bragg scattering constitutes
copolarized sea surface backscattering [29], [30]. Thus, using
polarimetric SAR, the observed radar scatter from sea surface
may be decomposed into NP contributions from breaking waves
and purely polarized Bragg scattering contributions. In addition,
the polarization decomposition can be performed using four
polarization channels to analyze the scattering characteristics
of ISWs. It should be noted that the polarization in SAR elec-
tromagnetic waves represents the scattering randomness, and
the higher the random scattering, the weaker the polarization;
while the nonpolarization in wave breaking represents that its
scattering characteristics are independent of polarization, and
these two should not be confused.

This work is based on polarimetric SAR images to examine
the polarimetric scattering properties of ISWs, including NP
contributions associated with breaking waves, and the quan-
titative scattering differences in the convergent and divergent
zones. The fully polarized SAR images with different bands (C,
L) are considered to investigate the scattering characteristics in
different detection conditions. Several polarized feature param-
eters are screened using polarization decomposition to further
characterize the scattering features related to breaking waves
caused by ISWs.

The rest chapters of this article are organized as follows:
data and methodology are introduced in Section II, followed
by an analysis of the polarization scattering properties of ISWs
in Section III, a discussion of polarization decomposition in
Section IV, and a conclusion in the final chapter Section V.

II. DATA AND METHODS

A. SAR Images

ESA ENVISAT ASAR dual copolarization images and Japan
ALOS PALSAR full polarization images are used. The C-band
Advanced Synthetic Aperture Radar (ASAR) aboard ENVISAT,
which was launched on March 1st, 2002, has five operational
modes, including alternating polarization mode (AP). The L1-
level Alternating Polarization Precision Image (APP) used in
this work has an incidence angle between 21° and 34° and a
spatial resolution of approximately 12.5 m × 12.5 m (range ×
azimuth). The PALSAR image resolution ranges from 24 to 89
m and the swath is between 20 and 65 km, providing SLC data of
HH, HV, VH, and VV. The resolution of PALSAR images in this
article is 9 m × 21 m (range × azimuth), and the incident angle
is between 23° and 26°. Appendix A lists specific information
of images.

The 10 m wind corresponding to the SAR image is matched
using the fifth generation ECMWF reanalysis data collection
(ERA5) [31], [32]. EAR5 provides hourly estimates of the
atmosphere and ocean waves, where the spatial resolution of
the 10 m high wind field is 0.25° × 0.25°. Appendix A lists the
wind conditions of the SAR images, with most of them being at
low wind, with wind speeds between 2 and 8 m/s.
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Fig. 1 displays s a HH polarized ENVISAT ASAR image of
an ISW packet propagating to the northwestward near Dongsha
Island in the South China Sea on April 20, 2008. The sea surface
features of ISWs in the figure are clear, and the stripes are first
bright and then dark along the propagation direction, suggesting
that it is a descending wave. The black and white boxes represent
the region of interest of ISWs, and the sea background region is
not disturbed by ISWs, respectively.

B. Nonolarized Scattering Theory

With regard to breaking waves, Kudryavtsev et al. proposed
the nonpolarized scattering theory [28], [29], which expresses
the copolarized scattering as the sum of the polarized two-scale
Bragg scattering contribution and the nonpolarized scattering
contribution (NP) associated with the breaking waves. The for-
mer is expressed as σ0,B

qq , the latter is expressed as σ0,wb. The
NP scattering include the specular reflection in the forward faces
of breaking waves and the incoherent backscattering produced
by the small-scale surface roughness perturbation caused by
breaking waves [33]. In the latter case, the waves breaking
caused by ISWs may produce specular reflection in the wave
front, therefore cannot be excluded according to the incident
angle.

In nonpolarized scattering theory

σ0
qq = σ0,B

qq + σ0,wb (1)

where q represents horizontal (H) or vertical (V) polarization.
The first term on the right (σ0,B

qq ) is polarization dependent, and
the second term (σ0,wb) is polarization independent. According
to (1), the NP contribution is obtained using the copolarized
scattering polarization difference (PD) and the Bragg scattering
polarization ratio (PR)

σ0,wb = σ0
V V − σ0

V V − σ0
HH

1− σ0,B
HH

σ0,B
V V

= σ0
V V − PD

1− PR
. (2)

The PD is controlled by the surface roughness produced by
wave components close to the Bragg wave number, therefore PD
can maximize the polarized Bragg scattering contribution. The
PR is determined by the local geometry and tilting effects [29]:

PR =
σ0,B
HH

σ0,B
V V

≈ |GHH |2
|GV V |2

[
1 + (gHH − gV V ) s

2
i

]
(3)

where gqq depends on the Bragg scattering coefficient Gqq and
the incident angle θ, defined as

gqq = 0.5
1

|Gqq (θ)|
∂2 |Gqq (θ)|

∂θ2
. (4)

In (3), s2i = s2/2 is the mean square slope in the direction of
the incidence plane and s2 is the mean square slope [22]

s2 = 4.5× 10−3In

(
η−2kd

U2
10

g

)
(5)

where g is the gravity acceleration, U10 is the wind speed at 10 m,
kd = kB/4 is the splitting wavenumber in the two-scale model,

Fig. 2. ALOS PALSAR image acquired on May 19, 2010, the incidence angle
is 25.72°. (a) VV (linear units). (b) PD represents the polarized Bragg scattering.
(c) NP, the nonpolarized scattering. The colored solid lines in (a), (b), (c) are ISW
profiles to be extracted, and the white dashed boxes represent the background
region. The line graphs (d), (e), (f) depict the modulation index along the profile
of interest in the images (a), (b), (c), which is normalized by the background
region.

kB is the Bragg wave number, η = U10

√
kp

g is the inverse wave
age, and kp is the spectral peak wave number [29].

Polarimetric SAR images and the U10 are obtained, then the
original dual copolarized image (HH/VV) can be converted into
new images such as PR, PD, NP defined by (1)–(5). These
images contain two types of radar scattering that are noticeably
different from one another: polarized Bragg scattering (PD)
provided by fast response short-scale waves and NP scattering
provided by breaking waves.

III. POLARIZATION SCATTERING CHARACTERISTICS ANALYSIS

Fig. 2 illustrates the multipolarized backscattering character-
istics of ISWs in the ALOS PALSAR image, including σ0

HH ,
PD and NP [see Fig. 2(a)–(c)]. The modulation index curves
obtained along the ISW profile in each of the three polarized
feature images are depicted in Fig. 2(d)–(f). The modulation
index (δ) is calculated by extracting values along the red cross
section and normalizing them based on the mean value in the
white box.

Four large internal solitons are depicted in three polarized
feature images, all of which effectively illustrate the scattering
characteristics of ISWs. Comparatively, the maximum modula-
tion index δ at internal soliton in the VV image is approximately
3.3, while the modulation index in the PD is approximately 3,
which is comparable to the VV modulation. The NP image has
the greatest modulation index variation, with a maximum of 8,
which is more than double that of the VV image. NP contribution
has a significant influence in the polarization scattering of ISWs.
In addition, the results obtained for the L-band image in this
example are consistent with those presented by da Silva et al. in
a previous work, where the NP modulation found in the X-band
is twice that of the VV modulation [27].

A. Polarization Scattering Intensity

Using the method described in Section II-B, a total of ten
scenes of ALOS PALSAR images and ten scenes of ENVISAT
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Fig. 3. Comparison of the polarization scattering intensity in ISW perturbation
regions and sea surface regions, (linear units). (a), (b), (c), (d) shows the results
of HH or VV polarization in L-band and C-band, respectively.

Fig. 4. Comparison of the polarization scattering intensity in ISW convergent
zones and ISW divergent zones, (linear units). (a), (b), (c), (d) shows the results
of HH or VV polarization in L-band and C-band, respectively.

ASAR images are processed to examine the polarization scat-
tering characteristics of ISWs in detail.

First, the PD, NP, NP/HH, and NP/VV (representing the
relative contribution of NP scattering concerning copolarized
scattering) feature images were acquired. Second, ten subregions
of interest were selected for each feature image, encompassing
areas related to ISW, calm sea surfaces, as well as convergent and
divergent zones. Finally, the mean values of all the data within
each subregion were calculated and are graphically presented in
box diagrams.

This section analyzes the scattering characteristics of ISWs in
copolarized HH and VV images, which represent the scattering
energy intensity. Fig. 3 depicts the polarized scattering intensity
in the region perturbed by ISWs and the region of calm sea sur-
face under HH and VV. Fig. 4 compares the polarized scattering
intensity in the convergent and divergent zones of ISWs. On
the left and right are the respective results for PALSAR(L) and
ASAR(C).

The copolarized scattering intensity of ISW region is always
greater than that of the undisturbed sea surface region in both two

Fig. 5. Box plot of the PD representing the two-scale Bragg scattering charac-
teristics. (a), (b) Results for the ISW perturbation regions and calm sea surface
regions. (c), (d) Results of the convergent and divergent zones. The L-band is
displayed on the left and the C-band on the right.

bands depicted in Fig. 3. In the L band, the scattering intensity
of the ISW region in the HH(VV) image is approximately 52%
(45%) greater than that of the sea surface region, while in the
C band, it is 2.3(2.1) times that of the sea surface region. This
suggests that there may be an additional scattering mechanism
in ISW region, giving it much greater scattering energy than
the surrounding sea surface. In contrast, Fig. 4 demonstrates
that the polarized scattering intensity associated with the ISW
convergent zone is always greater than the value associated with
the divergent zone, which is capable of scattering back more
electromagnetic waves in both HH and VV channels.

The above results indicate that the sea surface can scatter
more electromagnetic waves in the region of ISW disturbance,
particularly in the convergent zone, causing the SAR image to
display more prominent characteristics. However, what is the
reason for this phenomenon?

Alpers demonstrated in the literature that internal waves are
related to the spatiotemporal variation of the surface currents,
which interacts with the surface wind waves to modulate Bragg
scattering [14]. Therefore, at low and intermediate incidence an-
gles, the Bragg scattering mechanism is a potential explanation,
and Fig. 2(e) shows a large PD modulation. In addition, Fig. 2(f)
shows that the NP scattering variation in ISW perturbation region
is also highly significant, which may also be an essential factor
in the increased energy scattering in ISW perturbation region
(convergent zone).

B. Copolarized Bragg Scattering: PD

To examine the effect of polarized Bragg scattering on the
SAR detection of ISWs, the PD is considered in this section, and
the effects of nonpolarized scattering (NP) have been removed
from its computation. As seen from Fig. 5, the PD values in ISW
perturbation regions are more than that of the calm sea surface
regions, and the PD values in the convergent zones are bigger
than that of the diverging zones, which is consistent with the
total scattering intensity presented in Section III-A. In the L(C)
band, the average PD value of the ISW perturbation region is
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Fig. 6. Nonpolarized scattering features (NP), displayed in box plot. (a), (b)
Results for the ISW perturbation region and the calm sea surface region. (c), (d)
Results for the convergent and divergent zones. The L-band is shown on the left
and the C-band on the right.

1.3(1.7) times that of the sea surface region, but the average PD
value of the ISW convergent zones is approximately 75% (65%)
greater than that of the divergent zones.

PD is governed by the surface roughness generated by the
wave component close to the Bragg wave number, which con-
tains the fast response change information about the short-scale
Bragg waves. Based on the incidence angle and wavelength, the
L-band resonant Bragg wavelength is between 30 and 40 cm, and
that of the C-band is between 5 and 10 cm. The above results
show that there is an enhanced decimeter-scale or centimeter-
scale polarized Bragg scattering mechanism in ISW perturbation
regions, especially in the convergent zone. This is related to
breaking waves caused by ISWs. The continuous input of energy
from ISWs modulated surface currents leads to additional energy
dissipation (wave breaking), thereby enhancing the generation
of short gravity waves that carrying shorter Bragg waves.

C. Nonpolarized Scattering: NP

Both in suit observations and optical images have found that
there is a large distribution of whitecaps caused by breaking
waves in ISWs perturbation regions. This is related to its res-
onance with the meter-scale surface waves, leading to breakup
and crest overturning, which in turn produces considerable NP
contributions [34], as illustrated by the NP modulation index
in Fig. 2(e). This section examines the variation of NP in ISW
perturbation region (sea surface area) and the convergent zone
(divergent zone) in detail.

As depicted in Fig. 6, the NP value of the ISW perturbation
region is always larger than that of the calm sea surface region.
On average, in the L(C) band, the NP of ISW region is approx-
imately 82% (165%) greater than that of the unperturbed sea
surface region. Moreover, the NP contribution associated with
the convergent zone is always larger than that associated with the
diverging zone, approximately three times larger. This suggests
that there is a stronger NP scattering contribution associated with
the large number of waves breaking and near-wave breaking
events in the convergent zone. ISWs will enhance the height of

Fig. 7. Effect of nonpolarized scattering (NP) on HH and VV polarization in
ISW perturbation region (NP/σ0

HH and NP/σ0
V V ). The L-band is shown on

the left (a) and the C-band on the right (b).

surface waves in the convergent zone. Resonance occurs when
the group velocity of surface waves matches the phase speed
of ISWs [35]. Powered by the continual input energy of ISWs,
resonant surface waves continue to grow until they are dissipated
or break up directly by transferring energy to shorter waves
through nonlinear hydrodynamic interactions. In addition, the C
band has a smaller scale (3.75–7cm), making it more sensitive
to the response of breaking waves; hence, the NP in the ISW
perturbation region under the C band is significantly greater
than that in calm sea surface region.

Contributions of NP scattering related to copolarized HH
and VV backscattering, NP/σ0

HH and NP/σ0
V V , are further

analyzed. Fig. 7 demonstrates that the effect of NP scattering on
HH is greater than its effect on VV in ISW perturbation region,
whether in the L-band or C-band. Particularly, in the L-band, the
averageNP/σ0

HHandNP/σ0
V V are 0.52 and 0.36, respectively,

while in the C-band, they are 0.43 and 0.31. The results suggest
that the NP scattering mechanism has a significant impact on the
total polarization scattering in ISW SAR scattering.

The effect of nonpolarized scattering (NP) on HH and VV
polarization is also analyzed in ISW convergent zones and diver-
gent zones, as shown in Fig. 8. In two bands, the effect of NP on
HH is always greater than its effect on VV, both in the convergent
zones and the divergent zones. In the convergent zones, the L(C)
band, the average contribution of NP relative to the HH and
VV is approximately 52% (37%) and 46% (33%), respectively,
indicating that the contribution of NP in HH polarization is about
40% higher than that in the VV polarization. In contrast, in the
divergent zones, the average values of NP/σ0

HH andNP/σ0
V V

decreased to 42% (28%) and 29% (19%), respectively. These
results corroborate the significant NP contribution associated
with ISW convergent zones.

The above results suggest that the NP scattering has a sig-
nificant effect on ISW SAR backscattering. In overall ISW
perturbation regions, whether the convergent or divergent zones,
the effect of NP on HH is greater than its effect on VV. This
is determined by the NP scattering properties of the breaking
waves. The NP scattering is independent of polarization, and
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Fig. 8. Contribution of nonpolarized scattering (NP) with respect to the HH
and VV polarization. (a), (c) Convergent zone. (b), (d) Divergent zone.

the Bragg scattering contribution under the VV polarization at
intermediate incident angles (20°∼30°) is greater than that in
HH, while the HH NRCS is lower than VV NRCS on average,
resulting in a greater contribution of nonpolarized scattering in
HH [36]. Note that we are concerned with the effect of NP
scattering on polarization scattering and do not intend to make a
direct comparison regarding whether the effect of NP scattering
on the L-band is greater than that on the C-band. As seen in
Figs. 7 and 8, a larger variation in NP contribution among
the entire SAR dataset can be seen, which may be related to
different sea conditions and sensor parameters during SAR data
acquisition.

D. Cross-Polarization Scattering

NP backscattering can come from both specular scattering
and incoherent scattering due to small-scale surface roughness
disturbances caused by breaking waves. In the latter case, strong
first-order resonant polarized small-scale scattering cannot oc-
cur, the nonpolarized and cross-polarized contributions dom-
inate [37]. Section III-B has proved that ISWs enhance the
polarized Bragg scattering, and this section focuses on analyzing
whether ISWs have significant cross-polarization features.

Fig. 9 illustrates a set of ISW packet features acquired on
the west coast of the United States, with multiple solitons
propagating to the southwest. Fig. 9(a) is the HH polarization and
Fig. 9(b) depicts the cross-polarization polarization (HV). Com-
pared with HH, the scattering energy in HV is weak, although the
leading wave can be clearly displayed, many detailed features
cannot be described. Four profiles of interest are selected in the
image along the propagation direction of ISWs, and the corre-
sponding modulation index curves are obtained. The modulation
index curves reveal that ISWs in HH are characterized by mul-
tiple solitons, whereas they are almost impossible to distinguish
in HV. This suggests that the sea surface changes induced by
ISWs are less sensitive to HV compared to copolarized HH
and VV, and hence, the characterization of NP scattering in
HV is not performed in this article. This not only excludes the

Fig. 9. Polarization features of ALOS PALSAR images, acquired on Novem-
ber 3, 2009, with an incidence angle is 25.75°. (a) HH. (b) HV. (c), (d), (e),
(f), (g), (h), (i), (j) Modulation index, indicted based on the profile of interest.
The subpanels (c/e/g/i) correspond to the colored solid lines in (a), while the
subpanels (d/f/h/j) correspond to (b).

Fig. 10. Structure of the SAR scattering echo after ISWs modulate the surface.
(a) Bragg scattering θ is the incident angle, and λW is the resonant wavelength.
(b) Presence of additional short-scale waves and breaking waves enhances the
Bragg scattering and the specular scattering.

second potential source of NP scattering, but also implies that
the depolarization of ISWs is weak.

We suggest that the strong nonpolarized scattering (NP)
caused by ISWs is mainly due to the enhanced specular reflection
after the modulation of the sea surface. SAR mainly observes
calm seas through the Bragg scattering mechanism at interme-
diate incidence angles during side-looking observations. When
ISWs modulate the roughness of the sea surface and induce
surface wave breaking, short-scale waves and other rough struc-
tures are generated. This not only enhances Bragg scattering,
but also enhances the specular reflection in the SAR side-looking
observation structure. As depicted in the Fig. 10, it may originate
from quasi-specular reflection of themodulated regular surface
(not broken), or it originates from specular scattering provided
by breaking waves. Section IV further discusses this based on
the polarization decomposition feature parameters.

IV. DISCUSSION

A. Polarimetric Scattering Mechanism

The existence of ISWs significantly alters the SAR scattering
properties at the sea surface, such as NP scattering theory indi-
cates that the breaking waves pay a pivotal role in the SAR NRCS
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Fig. 11. Polarization features obtained by processing of ALOS PALSAR
image, acquired in Andaman Sea on April 14, 2007. (a) Polarization entropy
(H). (b) Average scattering angle (α). (c) H probability density distribution,
(d) α probability density distribution.

of ISW through mechanisms like Bragg scattering and specular
scattering. In this section, further discussion is carried out based
on the polarization decomposition theory to demonstrate the
polarization scattering properties of ISWs.

Fully polarized SAR provides a wealth of polarization feature
parameters by polarization decomposition, which can effectively
characterize the primary scattering characteristics of the detected
target [38], [39]. In the case of the ALOS PALSAR images
used earlier, which are fully polarized, we employed the HAα
decomposition to extract key parameters such as the average
scattering angle (α) and the polarization entropy (H) [40], as
shown in Fig. 11. The H describes the randomness of the target
scattering, and its value ranges from 0 to 1, the larger the value,
the higher the scattering randomness. The α is between [0–90°],
which reflects the scattering mechanism of the detection target,
and with the increase of α, the target scattering mechanism
gradually changes from surface scattering to volume scatter-
ing. The analysis of the polarization feature images in Fig. 11
reveals that, compared with the calm sea surface, the H value
of ISW perturbation region is mainly between 0.1–0.3, which is
significantly lower than the that of 0.2–0.6 in the surrounding
sea surface, implying that the scattering randomness of ISW is
lower, and more electromagnetic waves can be returned to the
sensor.

In the α image, the value range of ISW perturbation region
is mainly between 5° and 15°, which is much lower than that of
10° to 40° in the surrounding sea surface. After ISWs cause the
surface waves to break, the scattering angle becomes smaller,
which not only shows that the scattering mechanism is closer
to surface scattering, but also strengthens the contribution of
nonpolarized scattering (NP). This is consistent with the analysis
results in Section III-C. The main reason is that ISWs modulate
the sea surface regularly and dramatically, forming rough strips
and breaking waves, and producing a geometric structure similar
with the specular scattering under SAR side-looking observation
(see Fig. 9).

Fig. 12 depicts the results of HAα decomposition of another
PALSAR image to further investivate the scattering mechanism

Fig. 12. Polarization features obtained by processing of ALOS PALSAR
image acquired in Sulu Sea on May 19, 2010. (a) Polarization entropy (H).
(b) Average scattering angle (α). a1-a3 (b1-b3) are the results of convergence
and divergence of the three solitons, respectively.

of ISW convergent zones and divergent zones. There are four
internal solitons propagating in the azimuthal direction, and the
convergent and divergent zones of the first third solitons are
extracted for analysis, as shown in the blue and gray boxes,
respectively. Fig. 12(a) is the result of the processing of H, which
gives the probability density distribution of the three solitons
(convergent zones and divergent zones, respectively). The results
indicate that the H values in ISW convergent zones are all less
than that in the divergent zones, that is, scattering randomness
of the convergence is weaker. The results of α show that the
scattering angles of the convergent zones are much smaller than
that of the divergent zones, indicating that the convergent zone
is closer to specular scattering. This is consistent with the above
analysis that ISWs modulate the sea surface, which not only
enhances the Bragg scattering but also the specular scattering.
This enhanced specular scattering may come from either the
breaking waves or the quasi-specular reflection from a regular
surface (unbroken) after modulation by an ISW.

Compared with the calm sea surface, the polarization entropy
and average scattering angle of ISW perturbation regions are
lower, and these two polarization feature parameters can charac-
terize the depolarization ability. When the scattering mechanism
is more complex and volume scattering predominates, the depo-
larization capability is greater [41]. Changes induced by ISWs at
the sea surface alter their scattering mechanism and reduce the
scattering randomness. The presence of breaking waves causes
specular scattering, implying a weaker depolarization ability of
ISWs.

We further process the original ALOS PALSAR images to
obtain polarization feature parameters, such as the degree of po-
larization (DoP), which can directly characterize the depolariza-
tion ability [42]. DoP includes the degree of linear polarization
(DoLP) and the degree of circular polarization (DoCP). They
are expressed as follows, when they are equal to 1, representing
complete polarization

DoLP =

√
g22 + g23 + g24

g1
, DoCP =

g3
g1

(6)
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Fig. 13. DoLP and the degree of circular polarization (CoLP) obtained by
reconstructing the compact polarized data based on ALOS PALSAR. (a) and
(d) DoLP and CoLP in linear copolarization compact polarization (45° HV-
HV), respectively. (b) and (e) DoLP and CoLP in hybrid left circular compact
polarization (LC-HV), respectively. (c) and (f) DoLP and CoLP in hybrid right
circular compact polarization (RC-HV), respectively.

gj,j = 1∼4 is the Stokes vector in the compact polarization mode.
The compact polarization is a special type of dual-polarized
SAR that transmits only linearly polarized or circularly polarized
waves in one direction, but simultaneously receives horizontal
and vertical echoes or circularly polarized echoes [43]. Several
compact polarized SAR images can be obtained depending on
the polarization mode of the electromagnetic waves and the
direction of the incident angle.

At present, there is a lack of actual compact polarized SAR
images. After processing the original fully polarized PALSAR
images, the compact polarized images are reconstructed using
different polarization modes and electromagnetic wave direc-
tions. In the reconstruction process, the receiving electromag-
netic wave is fixed as linear polarization Rx = (H, V), whereas
the transmitting wave is set as 45° linear polarization (Tx =
45°HV), left circular polarization (Tx = LC), and right circular
polarization (Tx =RC). The obtained compact polarized images
include linear co-polarization (45° HV-HV) and hybrid polariza-
tion (LC-HV, RC-HV), finally, the corresponding polarization
degree is further extracted.

DoLP and DoCP are calculated for each of the three compact
polarized SAR images depicted in Fig. 13, which were gener-
ated using PALSAR images. As shown, the DoLP and DoCP
obtained by the same compact polarized mode exhibit opposite
characteristics. In Fig. 13(a), the DoLP at ISW perturbation
region is larger, while in the corresponding DoCP (13d) the ISW
almost disappear, because the mode does not contain circular
polarization information. In the hybrid compact polarized mode,
ISWs are very significant in the corresponding DoCP (13e/f),
and its value is close to 1; while the intensity of DoCP (13b/c)
is weak.

These results demonstrate that the DoP of ISW perturbation
regions is significantly greater than that of the surrounding
calm sea surface, confirming its stronger polarization capability.

Fig. 14. Relationship between the average NP scattering and average PD
scattering and wind speed at ISWs. (a) 10 L-band images. (b) 10 C-band images.

The literature [44] shows that the copolarization features are
more significant and the degree of polarization is greater when
the specular scattering is stronger. This is consistent with the
analytical results above, since the ISW-induced breaking waves
enhance the specular scattering. In addition, compared with the
linear compact polarization data, the response performance of
ISWs is improved by using the hybrid compact polarization,
which can provide more information.

B. Impact of Environment

The surface breaking waves induced by ISWs undergoes
significant variations due to various factors, such as wind speed,
wind direction, topography, the speed and amplitude of ISWs,
and more. The background wind field can input energy into
surface waves, thus influencing the extent of wave breaking. Pre-
vious research has indicated that radar backscatter from breaking
waves is highest in upwind conditions and lowest in downwind
conditions [45]. Fig. 14 illustrates the variations in average NP
scattering and average PD scattering at ISW in the L (C) band
with changes in wind speed. The distribution of data points in
the figure is quite heterogeneous. While the fitted lines in the
figure exhibit a positive correlation, further experimentation is
considered necessary in this study to quantitatively analyze the
correlation between the polarization scattering characteristics of
breaking waves and the wind field at the sea surface.

In addition to the wind field, changes in topography, specif-
ically variations in water depth, can also significantly impact
the process of ISWs inducing wave breaking. ISWs undergo
pronounced changes in topography during their propagation.
For instance, in the northern South China Sea, ISWs origi-
nate in the Luzon Strait and travel westward for several hours
before dissipating. Along this journey, they traverse deep-sea
basins, continental slopes, and nearshore continental shelves,
encountering water depth variations exceeding 3000 m. The
two-layer fluid theories that describe the motion of ISWs, such
as the KdV, eKdV, and MCC equations, suggest that changes
in water depth led to variations in nonlinear and dispersion
coefficients, thereby affecting the wavelength, amplitude, and
phase speed of ISWs [46]. Consequently, due to the influence
of topographical changes, the characteristics of ISWs undergo
significant alterations, impacting their interaction with surface
waves and directly modulating wave breaking.
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On one hand, ISWs with different amplitudes can generate
surface waves with varying amplitudes at the sea surface [47].
This leads to the convergence of water particles, steepening of
waves, and an increased probability of wave breaking. On the
other hand, the speed of ISWs is closely linked to the breaking
of surface waves. When the group velocity of surface waves is
close to the phase velocity of ISWs, resonance occurs, causing
energy accumulation and eventual overturning and breaking of
wave crests. Please note that we primarily focus on the impact
of breaking waves induced by ISWs on SAR scattering. Further
comparison and analysis of the differences in breaking waves
generated under different background environments are beyond
the scope of this article.

V. CONCLUSION

After ISWs resonate with the meter-level surface waves, the
modulated sea surface exhibits a significant roughness varia-
tion and wave breaking. The scattering mechanism associated
with breaking waves caused by ISWs is investigated. Polarized
Bragg scattering contribution (PD) and nonpolarized scattering
contribution (NP) associated with breaking waves are obtained
from the copolarized SAR images based on the nonpolarized
scattering theory.

The scattering intensity in ISW perturbation regions is greater
than that of the surrounding sea surface, with enhanced SAR
response characteristics, such as enhanced polarized Bragg scat-
tering and additional nonpolarized scattering. The interaction of
the changing currents induced by ISWs with the sea surface
wind waves modifies the roughness (i.e., mean square slope),
and the surface waves gradually break up, generating additional
short-scale waves and many bubbles, which contribute to SAR
echo through Bragg scattering and specular scattering.

First, the short-scale waves carrying Bragg waves enhance
the decimeter or centimeter-scale polarized Bragg scattering,
particularly in the convergent zones. The estimated polarization
Bragg scattering contribution (PD) of the convergent zones is
about 65%–75% higher than that of the divergent zones. The
results of polarization decomposition also show that the degree
of polarization of ISW increases and the scattering entropy
decreases.

Second, the breaking waves enhance the specular scatter-
ing probability under the SAR side-looking detection struc-
ture, which not only facilitates the copolarized scattering, but
also enables the ISW perturbation regions to obtain additional
nonpolarized scattering contribution. The modulation of ISWs
in the nonpolarized scattering contribution is about 3–5 times
higher than that in the polarized scattering contribution. The
nonpolarized scattering associated with the convergent zones is
larger than that associated with the divergent zones, and both its
effects on the HH are greater than that on the VV. The results of
polarization decomposition indicate that the average scattering
angle and the scattering randomness are greatly reduced at ISW
perturbation regions, especially in convergent zones, further
supporting the inference that enhanced specular scattering.

This article highlights the SAR echo contribution of surface
breaking waves caused by ISWs. The focus of future work is to

comprehensively analyze the SAR scattering characteristics of
ISWs under different wind conditions, topography, wave bands,
incident angles, and degree of breaking waves through modeling,
which requires many assumptions and experiments.
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ALOS PALSAR AND ENVISAT ASAR IMAGERY INFORMATION USED FOR
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