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tem. Traditional optical and radar remote sensing techniques often suffer from

incidents, thus exacerbating marine pollution. In contrast, Global Navigation
Satellite System Reflectometry (GNSS-R) offers all-weather, real-time moni-
toring capabilities, making it more suitable for detecting oil spills on the sea
surface. This study focuses on the oil spill incident caused by the Symphony
cargo ship on April 27, 2021. Considering the asymmetry of the actual sea sur-
face, the bistatic scattering coefficient of the oil-covered sea surface is calcu-
lated using the KA-GO model. Combined with the Z-V scattering model and
a sea surface/oil slick Mean Square Slope (MSS) model, a Delay-Doppler Map
(DDM) reflecting oil spill features is generated. Simulation results demon-
strate that DDMs can effectively detect oil spill areas, validating the feasibility
of GNSS-R for this application. Furthermore, the study reveals that sea surface
wind speed significantly influences simulation results: when wind speed ex-
ceeds 2 m/s, the differences in MSS and scattering coefficients between oil-
covered and clean sea surfaces become more pronounced, decreasing with
higher wind speeds. Finally, CYGNSS (Cyclone GNSS) satellite data is used to
verify the consistency of oil spill-induced GNSS-R signal patterns derived
from simulation, providing both theoretical and methodological references for
applying GNSS-R in marine oil spill monitoring.
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1. Introduction

Frequent marine oil spill incidents pose a serious threat to both marine ecosys-
tems and coastal human societies. Oil spills not only pollute seawater, leading to
the death of marine organisms and the destruction of habitats, but also cause sig-
nificant economic losses to industries such as fisheries and tourism [1] [2]. There-
fore, effectively monitoring and responding quickly to marine oil spills has be-
come an urgent issue in mitigating their environmental and economic impacts.

Traditional marine oil spill monitoring methods mainly rely on optical and mi-
crowave remote sensing technologies. Optical remote sensing can provide high-
resolution imagery under clear weather conditions; however, its performance is
severely limited under cloudy conditions due to its susceptibility to weather. Alt-
hough microwave remote sensing (such as Synthetic Aperture Radar, SAR) ena-
bles all-weather monitoring [3] [4], its use is often restricted by high system com-
plexity and cost, limiting its application in large-scale and real-time monitoring.
Thus, there is an urgent need for an efficient, low-cost, and all-weather monitor-
ing technique to complement existing methods. The Global Navigation Satellite
System Reflectometry (GNSS-R) has garnered increasing attention in recent years
for ocean remote sensing, owing to its advantages such as abundant signal sources,
wide coverage, low cost, and immunity to weather conditions [5] [6]. GNSS-R uti-
lizes the microwave signals emitted by navigation satellites, which reflect off the
ocean surface and are captured by receiving equipment. By analyzing the charac-
teristics of the reflected signals, it is possible to monitor the state of the sea surface.
Compared with traditional remote sensing technologies, GNSS-R exhibits strong
anti-interference capabilities and supports large-scale, real-time ocean monitoring,
as its signal sources are derived from multiple navigation satellites.

Since 1993, when scholars such as Manuel Martin Neira [7] first proposed the
idea of using GPS scattering signals to measure sea surface height, GNSS-R remote
sensing technology has developed into an emerging research field. During the past
20 years, through various observation platforms, such as shore-based, airborne,
and satellite-based, this technology has made important breakthroughs in signal
reception, parameter inversion, and surface imaging, and has been successfully
applied to many fields, such as sea surface wind field [8]-[11], sea ice monitoring
[12]-[14], and soil moisture [15]-[17]. In recent years, research on GNSS-R tech-
nology in marine oil spill monitoring has gradually been carried out. Scholars at
home and abroad have carried out a series of studies on the application of GNSS-
R technology to marine oil spill monitoring. Valencia ez a/ [18] [19] modelled the
oil spill sea surface, simulated the DDM and used the inverse convolution to ob-

tain the distribution of scattering coefficients of the sea surface for the detection
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of oil spill. On this basis, Chen Li et al [20] corrected the sea surface scattering
coefficient distribution obtained by DDM inverse convolution to improve the
scattering coefficient extraction accuracy. Li and Huang et al. [21] applied the spa-
tial integration approach (SIA) in the technique of simulation and detection of oil
spills on the sea surface using GNSS-R information. Chen Shanshan et al [22]
conducted a shore-based simulation study of GNSS-R sea surface oil spill detec-
tion using remote sensing images of the 2013 Qingdao, China, marine oil spill
accident as the detection target of the simulation experiment. The study combined
the Z-V scattering model and the mean-square slope model of seawater/oil spill
to establish the time-delay-Doppler map that can reflect the characteristics of the
GNSSS scattering signals of the sea surface condition, and verified the feasibility of
the use of the GNSS reflection signals for the detection of oil spill on the sea sur-
face. China’s Beidou signal is also an important GNSS-R signal source, Zhang Yun
et al. [23] assessed the feasibility of Beidou Navigation Satellite System reflected
signals to detect oil slicks, and carried out a coastal simulation experimental study
on the distribution of oil slicks from an oil pipeline explosion accident. Jia Ziying
et al. [24] established a model for oil spill detection at sea in three-antenna obser-
vation mode from a shore-based perspective, combining the partial depolarization
phenomenon of electromagnetic waves and the mapping relationship between re-
flectivity and sea surface roughness eigenfunctions, to determine the presence of
an oil spill based on the relative permittivity of the inverse-performance target
waters. Sun Qiming et al [25], in order to study the detection method of shore-
based oil spill area, inverted the relative permittivity of the sea surface within the
flashing area by establishing the mapping relationship between the correlation
power, reflectivity and the three characteristic parameters of the sea surface, and
carried out the oil spill detection work in this way.

At present, domestic research on GNSS-R-based marine oil spill detection is
still in its early stages, and experimental data on GNSS-R observations of oil spills
remain scarce. To validate the potential of GNSS-R technology in marine oil spill
monitoring, this study simulates a satellite-based GNSS-R oil spill detection process
using the 2021 Symphony cargo vessel oil spill as a case study. The simulation is
based on two-dimensional correlation power in the Delay-Doppler domain to eval-

uate the detectability of oil spills on the ocean surface using GNSS-R technology.

2. GNSS-R 0il Spill Simulation Principles

2.1. Scattering Signal Measurement Geometry

The GNSS reflected signal monitoring system consists of three components: nav-
igation satellites, receiving antennas, and the reflecting surface. Due to the high
orbital altitude of GNSS satellites, the transmitted signals can be approximated as
plane waves when they reach the Earth’s surface. On an ideal, infinitely large Earth
surface, these signals undergo specular reflection, with the GNSS reflected signal
dominated by the specular component. The signal received by the antenna is

formed by the combined scattering contributions from various reflection elements
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on the sea surface. Each reflection element corresponds to a unique delay and
Doppler shift relative to the specular reflection point. Thus, the observed surface
is divided along two dimensions: iso-delay lines and iso-Doppler lines. In the pres-
ence of an oil spill on the sea surface, these signal components are altered. By ap-
plying Delay-Doppler Map (DDM) techniques, these variations can be accurately
measured and extracted, enabling the inversion and detection of the spatial distri-

bution of the oil spill.

2.2. DDM Principle for Oil Spill Detection

According to the GNSS ocean surface scattering Z-V model based on the Kirch-
hoff approximation theory, the scattered sea surface signals are composed of com-
ponents with different time delays and Doppler shifts. When an oil spill is present,
these signal components change, and this variation can be characterized by the
correlation power of the scattered signal at different code delays and Doppler fre-
quencies.

In 2000, Zavortny and Voronovich developed a two-dimensional delay-Dop-
pler correlation power model for GNSS ocean surface scattering signals based on
the bistatic radar equation and the Kirchhoff approximation using a geometric
optics approach [26]. This Z-V model is now widely applied in various GNSS-R
ocean remote sensing applications, such as sea surface wind speed retrieval, sea

ice monitoring, and oil spill detection. The model is expressed as follows:

s o’ gr)Ang 7)D*(r) " 0
47 R, ()R; ()

(raeanf)=rf,

where T, the coherent integration time, D(r) is the antenna gain of the re-
ceiver, A is the autocorrelation function, S is the Doppler filtering function,
R,(r) and R,(r) arethe distances of the GNSS satellites and receiver to the scat-
tering points, respectively, Af and A7 represent the Doppler shifts and time de-
lays of the scattering points on the reflecting surface with respect to the specular
reflection points, respectively. Doppler shift and time delay, 7 is the position
vector of the scattering point. The specific equations are expanded as follows.

(1) MSS Model:

According to the MSS (Mean Square Slope) model proposed by Cox & Munk,
the presence of oil on the sea surface significantly affects the MSS [27]. For clean

seawater, the MSS is a function of the 10-meter wind speed, expressed as:
o..=0.003+1.92-10"U,,

(2)
o2, =3.16-107U,,

When oil is present on the sea surface, it alters the surface roughness and con-
sequently changes the MSS. For oil-covered seas, the relationship becomes:
0., =0.003+0.84-10°U,,

3
0., =0.005+0.78-10"°U,, 3)

where: the first subscript u of the MSS denotes upwind and ¢ denotes cross-
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wind; the second subscript s, ¢ of the MSS denotes oil spill and seawater on
the sea surface, respectively; and Uy is the wind speed at a sea surface height of 10
m.

(2) PDF Model

The ECXI (Earth-Centered, X-Z Incidence) coordinate system is used in the
study, and assuming that the wind direction is along the X-axis, the expression of
the probability distribution function of the sea surface gradient for each scattering

point is given by

— / 2 _ / 2
P21y = o _%[( 9../4.)"  (-4..,/4.) H @

1
— . ex
9. 2m\olo? { o; o,
where o’and o, represent the MSS in the up-wind and cross-wind directions,
respectively (based on the ECXI system).
(3) Scattering coefficient ¢°
o refers to the scattering coefficient corresponding to each scattering point

within the observation area.

o(r) = z|9[ [Li'} P, df(_q_lj (5)

z qz

where ¢q is the scattering vector of the transmitter and receiver at a fixed posi-
tion on the reflecting surface, which can also be considered as a function of the
plane coordinate p, R isthe Fresnel reflection coefficient, ¢, isthe horizon-
tal component of the scattering vector, ¢_ is the z-direction component of the
scattering vector,and P, (—¢q, /q.) isthe probability density function of the sea
surface slope.

(4) ¥, function

Before the receiver receives the scattering signal, where the expression for the
energy of each scattering point is as follows.
I'D*(r)o’(r)

2O R R )

(6)

where 7, is the coherent integration time, D(r) is the antenna gain of the re-
ceiver, and 7 is the position vector of the scattering point.

(5) Convolution of ¥ and x functions

Using the Z-V model based on Kirchhoff’s approximate geometrical optics the-
ory, the time-delay-Doppler two-dimensional correlation power model of the

GNSSS sea surface scattered signal is constructed as follows

<|Y(Ar,Af)|2>:E(Ar,Af)*;/ (A7, Af) 7)

72 (A7) = A* (A7) [S (aF)f 8)

where * denotes the 2D convolution, y is the blurring function.
According to the above equation, under specific wind speed and wind direction

conditions, the presence of an oil spill on the sea surface alters the local mean square
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slope (MSS), resulting in significant differences compared to clean seawater. This
change in MSS further affects the surface roughness characteristics of each scat-
tering point within the observation area, thereby leading to variations in the cor-
responding coefficient. The modified scattering coefficient field can then be used
as input to the Z-V model, enabling a more accurate representation of scattering
characteristics under different sea surface conditions. This, in turn, supports the
simulation of the Delay-Doppler Map (DDM) and provides a physical basis for

sea surface state identification and oil spill detection.

3. Experimental Design

3.1. Simulation Experimental Scenario

This study takes the oil spill incident caused by the “Symphony” cargo ship on
April 27, 2021, near the coast of Qingdao, China, as the research subject, using it
as a representative application scenario for GNSS-R-based sea surface oil spill
monitoring. Remote sensing data of the oil spill is used as model input, and the
main distribution area of the spill is extracted from Sentinel-1 satellite radar im-

agery, as shown in Figure 1.

120° /Il5’ 07E  120° ?0' 07E  120° ?5’ 0"E  121° I0’ 07E 121° |5’ 07E

35° 50" 0”N- 35" 50° 0°N

35° 45’ 0”NA -35° 45’ 0°N

e

120° 45'0"E  120° 50'0"E  120° 55 0"E  121° 00 121° 5 0’

Figure 1. Distribution of oil spill areas on the sea surface.

The specific simulation experimental parameters for this experiment are shown
in Table 1.

Table 1. Main parameters of the simulation experiment.

Parameter name Specific value Unit
GPS satellite coordinates (6,985,915, 18,179,300, 17,885,949) m
Receiver coordinates (—2,988,392, 4,796,629, 3,945,131) m
GPS satellite velocity (-1009, —2074, 1735) m/s
Receiver velocity (-6158, —3721, —111) m/s
Delay resolution 1 chips
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Continued
Doppler resolution 500 Hz
Antenna gain scaling factor 1 \
Scattering area range [-25, 25] km
Scattering unit resolution 1 km
Integration time 1 ms

3.2. GNSS-R 0il Spill Simulation Technical Workflow

This study conducts a simulation of GNSS-R technology applied to marine oil spill
monitoring, using a real oil spill event as the research background. First, wind
speed and direction data over the study area are input, and the Cox & Munk model
is employed to calculate the mean square slope (MSS) of both clean seawater and
oil-covered surfaces, thereby characterizing the roughness under different sea con-
ditions. A probability density function (PDF) model is then used to describe the
statistical distribution of sea surface slopes in each region, from which the corre-
sponding sea surface scattering coefficients (0°) are derived. During the scattering
coefficient calculation, the directional asymmetry of the sea surface caused by
wind is further considered. Based on the actual spatial distribution of wind speed in
the study area, the initially estimated o° values are corrected to obtain scattering
coefficients that better reflect real sea surface conditions.

Subsequently, the positions and velocities of the GNSS satellite and receiver are
used to accurately locate the specular reflection point and surrounding scattering
points within the observation area. Combined with the corrected scattering coef-
ficients and the scattering geometry, the reflected signal power from the sea sur-
face is computed, and a Delay-Doppler Map (DDM) is generated accordingly. By
analyzing and interpreting the power distribution patterns in the DDM, the spatial
extent and characteristics of the oil spill are extracted and identified. The struc-

tural framework of the simulation process is illustrated in Figure 2.

4. Results and Analyses

4.1. Verification of Simulation Results

According to the sea surface oil spill distribution shown in Figure 1 and the ex-
perimental parameters listed in Table 1, a detailed monitoring simulation scheme
was developed. First, the mean square slope (MSS) values of the oil-contaminated
area and the clean seawater area were calculated using Equation (2) and Equation
(3), respectively, to characterize the differences in surface roughness under vary-
ing sea conditions. The obtained MSS values were then substituted into Equation
(4) to construct the slope probability density function, which was further com-
bined with Equation (5) to derive the scattering coefficients for each region. The
final distribution of the sea surface scattering coefficients is shown in Figure 3.
As illustrated in Figure 3, the scattering coefficients in the oil spill region are

significantly higher than those in the clean seawater area. This is because the
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Figure 2. GNSS-R oil spill simulation flowchart.

0 10 20 30 40

Figure 3. Distribution of oil spill areas on the sea surface.

presence of an oil film on the sea surface reduces the surface tension of seawater,
effectively suppressing the generation of capillary waves and small-scale gravity
waves, thereby weakening their scattering contribution to the incident electro-
magnetic waves. As a result, the forward scattering of GNSS signals is enhanced
while the backward scattering is reduced, leading to a distinctive change in the
scattering energy distribution in the Delay-Doppler Map (DDM) compared to
that of a clean sea surface.

By fully considering the asymmetry of the actual sea surface, and based on the
scattering coefficient distribution shown in the experimental scenario in Figure
3, the scattering signal Delay-Doppler Map (DDM) containing oil spill features
was extracted in both the delay domain and Doppler frequency domain using the

DOI: 10.4236/jcc.2025.136016

241 Journal of Computer and Communications


https://doi.org/10.4236/jcc.2025.136016

J.T.Yuetal.

mathematical model established by Equation (1). Figure 4 presents the simulated
DDM result, where the horizontal axis represents code delay (in chips), and the
vertical axis represents Doppler frequency shift (in Hz). The color intensity indi-
cates the power strength of the GNSS sea surface scattering signal at different po-
sitions. From Figure 4, the oil spill region on the sea surface can be clearly distin-
guished, demonstrating the feasibility and effectiveness of using GNSS-R technol-
ogy for marine oil spill detection. For comparison, Figure 5 shows the DDM im-
age under clean sea surface conditions.

In addition, in order to elucidate the performance pattern of GNSS-R in detecting
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Figure 4. DDM for inversion of oil spill distributione.
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Figure 5. DDM for inversion of clean sea surface distribution.
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oil spill characteristic parameters under various wind speed conditions, clean and
oil-covered sea surface were simulated based on the parameters listed in Table 1
and the SAR images shown in Figure 1. Figure 6 shows the comparison of sea
surface MSS for oil-covered and clean sea surface under different wind speed con-
ditions. Figure 6 shows the comparison of scattering coefficients for oil-covered
and clean sea surface for different wind speed conditions. These comparisons are
critical to understanding how oil spills change sea surface characteristics, which

in turn affects the scattering characteristics detected by GNSS-R.
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Figure 6. Comparison results of MSS between oil film covered sea surface and clean sea
surface at different wind speeds.
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Figure 7. Comparison of scattering coefficients between oil spilled sea surface and clean
sea surface at different wind speeds.

As can be seen in Figure 6 and Figure 7 above, significant differences in MSS
and scattering coefficients between the overlying oil and the clean sea surface are

observed under different wind speed conditions. Specifically, the differences in MSS
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and scattering coefficients between oil and seawater are small when the wind
speed is less than or equal to 2 m/s. This phenomenon may be due to the limited
value of sea surface wave amplitude caused by low wind speed, which is insuffi-
cient to show significant differences in the physical properties of oil and seawater.
Therefore, the similarity of MSS and scattering coefficients between the oil spill
area and the surrounding seawater in a low wind speed environment poses a cer-
tain degree of challenge for oil spill detection. When the wind speed exceeds 2
m/s, there are obvious differences in MSS and scattering coefficients between oil

and seawater.

4.2. CYGNSS Empirical Evidence

The preceding study analyzed the feasibility of using GNSS-R technology to detect
marine oil spills from a simulation perspective. To verify the accuracy and relia-
bility of the simulation results and further demonstrate the effectiveness and po-
tential of GNSS-R in real marine environments for oil spill detection, this section
conducts an empirical analysis using CYGNSS satellite-borne DDM data related
to the Symphony tanker oil spill incident that occurred in 2021.

The incident occurred in the southeastern offshore waters of Zhaolian Island,
Qingdao, Shandong Province, China, with the central coordinates located at
35°43'8"N, 120°58'5"E. To capture the impact of the oil spill distribution on
GNSS-R signal characteristics in this region, CYGNSS constellation data collected
between 00:00 and 24:00 on April 30, 2021, were extracted, as shown in Figure 8.
Figure 8 displays the remote sensing background image of the affected area along
with the spatial distribution of CYGNSS observations during the corresponding

36°N

35.9°N

35.8°N

35.7° N

120.8° E 120.9° E 121° E 121.1° E 121.2° E

Figure 8. Symphony cargo ship oil spill experimental scenario (30 April 2021, CYGNSS
data distribution).
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time period. The red dots represent the projected positions of GNSS-R specular
reflection points. These reflection points are concentrated around the 35.8°N lat-
itude line, spanning longitudinally from approximately 120.75°E to 121.25°E, with
a coverage width of about 0.5°, effectively encompassing the main area of oil con-
tamination. This spatial-temporal alignment provides a critical data foundation
for subsequent DDM analysis and oil spill identification.

This section also utilizes ERA5 sea surface wind data from the European Centre
for Medium-Range Weather Forecasts (ECMWF), which correspond spatially and
temporally to the CYGNSS satellite observations. ERA5 data offer high temporal
and spatial resolution, reaching 1 hour and 0.125° x 0.125°, respectively. To fur-
ther improve the accuracy of wind field characterization in the study area, bilinear
interpolation was applied to enhance the spatial resolution. The resulting sea sur-

face wind distribution in and around the oil spill region is shown in Figure 9.

35.9° N

35.8° N
[6.05

BN

m

0.8 E E
Figure 9. Distribution of sea surface wind speed in the synchronous space region of
CYGNSS satellite data.

During the event, wind speeds in the oil spill area remained between 5.9 m/s
and 6.2 m/s, with no wave breaking observed, indicating relatively calm sea con-
ditions. Under such environmental conditions, the application of GNSS-R tech-
nology for oil spill information extraction and feature analysis is highly feasible.
As shown in Figure 10(a), the Delay-Doppler Map (DDM) corresponds to the
clean sea surface obtained by CYGNSS-R, while Figure 10(b) presents the DDM
image associated with the oil-contaminated area.

As shown in Figure 10(a), the Delay-Doppler Map (DDM) of a clean sea sur-
face acquired by CYGNSS exhibits a structure similar to that of the simulated
clean sea surface DDM. Both display typical GNSS-R signal characteristics: the
power reaches its maximum at the specular reflection point and forms a distinct
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Figure 10. DDM images of clean sea surface and oil spill area from CYGNSS satellites. (a)
Clean Sea Surface; (b) Oil Spill Area.

symmetric “horseshoe-shaped” distribution near the zero Doppler frequency line.
However, Figure 10(b) illustrates the DDM corresponding to an actual oil spill
area, where the power distribution near the specular reflection point shows ab-
normal variations, significantly differing from the “horseshoe-shaped” structure
of the clean sea surface. Specifically, in certain delay-Doppler cells, the power is
reduced, exhibiting localized asymmetry and weakened scattering intensity. This

variation is primarily caused by the strong suppression of short-wave disturbances
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by the surface oil film, which diminishes the presence of capillary and small-scale
gravity waves, thereby significantly reducing local sea surface roughness and af-
fecting the GNSS signal scattering response.

Overall, the measured DDM is influenced by multiple environmental factors,
particularly wind speed and wind direction, which lead to spatial heterogeneity in
sea surface roughness and cause asymmetry in the DDM image, with distinct scat-
tering characteristics across different regions. These experimental results not only
empirically validate the scientific basis and accuracy of the GNSS-R sea surface oil
spill response model proposed in the earlier simulations, but also further empha-
size the feasibility and effectiveness of using satellite-borne CYGNSS GNSS-R data
for marine oil spill monitoring. With its high temporal resolution, wide spatial
coverage, and strong sensitivity to sea surface conditions, CYGNSS is capable of
providing stable and reliable observations under complex marine environments.
Therefore, it offers critical technical support for rapid identification and dynamic
monitoring of marine oil spill events, demonstrating the application potential and

development prospects of GNSS-R technology in ocean remote sensing.

5. Conclusion

This study conducted a simulation-based investigation into marine oil spill mon-
itoring using GNSS-R technology. By integrating the Z-V scattering model with
the mean square slope (MSS) models for seawater and oil-covered surfaces, the
2021 Symphony tanker oil spill incident off the coast of Qingdao, China (April 27,
2021), was selected as the target scenario. Delay-Doppler Maps (DDMs) repre-
senting the reflective characteristics of the sea surface were simulated based on
GNSS signal scattering. The simulation experiments, which accounted for surface
asymmetry, demonstrated that GNSS-R DDMs can effectively identify oil-con-
taminated areas within a certain spatial range, confirming the feasibility of GNSS-
R for oil spill detection. Further analysis revealed that sea surface wind speed sig-
nificantly influences the simulation results. Specifically, when wind speed exceeds
2 m/s, both the scattering coefficient and DDM features over oil-covered areas
exhibit pronounced anomalies, with their values decreasing as wind speed in-
creases. This trend provides a theoretical foundation for interpreting GNSS-R sig-
nal behavior in oil-contaminated marine environments. By analyzing CYGNSS
data corresponding to the Symphony tanker oil spill, changes in the peak power
of DDMs over oil-covered areas were observed in the measured data. Near the
specular reflection point, the DDM imagery clearly delineates the extent of the oil
spill, further validating the characteristic GNSS-R response patterns derived from
simulations. These findings confirm the effectiveness of using actual CYGNSS ob-
servations for marine oil spill detection and demonstrate the practical potential of

GNSS-R technology in operational oil spill monitoring.
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