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Abstract—Oceanic front extraction from synthetic aperture
radar (SAR) images is of great significance to the study of marine
ecosystems. At present, the methods for oceanic front extraction
are usually based on SAR intensity images, which treat oceanic
fronts as edge-like features in the SAR images. However, affected
by radar parameters and sea state, sometimes, oceanic front sig-
natures may not be clearly visible in the SAR intensity images.
Therefore, existing methods are limited. In order to solve this
problem, a method combining intensity and Doppler information
for oceanic front extraction is proposed. Using Chinese Gaofen-3
single-look complex (SLC) data, three cases where oceanic front
signatures are clearly visible, partially visible, and extremely weak
in the SAR intensity images are investigated, which demonstrate
how the Doppler velocity gradient across a front can be leveraged
to enhance the extraction of oceanic fronts from SAR data. The
results show that the Doppler data, as supplementary information,
not only can complement the oceanic fronts extracted from SAR
intensity images, but also can be used as a reference for the oceanic
fronts extracted from SAR intensity images.

Index Terms—Chinese Gaofen-3 (GF-3) satellite, oceanic front
extraction, surface Doppler velocity, synthetic aperture radar
(SAR).

I. INTRODUCTION

OCEANIC fronts are relatively narrow zones of enhanced
horizontal gradients of physical, chemical, optical, and/or

biological parameters that separate broader areas with different
water masses or different vertical structures [1], [2]. Extrac-
tion of oceanic fronts have great significance for studying the
transport of heat and mass in the ocean, maintaining a marine
ecological balance, as well as exploiting fisheries potential and
primary food production.

Synthetic aperture radar (SAR), independent of cloud cover,
has the capabilities of day and night, all-weather, high resolution,
and wide swath observations. These capabilities enable SAR
to be widely used in ocean remote sensing. The interaction
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of surface waves with currents causes a change in the surface
roughness, which also implies a change in normalized radar
cross section (NRCS) of the surface [3]. As a result, oceanic
fronts are readily detectable by SAR. In the SAR images, oceanic
fronts are usually visible as distinct lines, which are clearly
brighter or darker than the ambient regions or which separate
regions of different mean image intensities [4]. Therefore, the
signatures of oceanic fronts in SAR images are always regarded
as edge features and oceanic fronts are usually extracted by an
edge detection algorithm. Jones et al. [5], [6] used an edge
detector to identify brightness fronts in RADARSAT-2 SAR
images acquired in the vicinity of the Gulf Stream, and then a sta-
tistical classification algorithm was applied to discriminate front
signatures from horizontal wind shear signatures not associated
with oceanic fronts. Wychen et al. [7] used RADARSAT-2 and
Sentinel-1 SAR images, together with an edge detection tool, to
automatically extract ocean features, which include atmospheric
boundaries and oceanic fronts. The features were classified as
oceanic fronts or atmospheric boundaries by comparing the
mean angle of the local wind along the entire length of the feature
with the orientation of the feature.

The methods mentioned above are based on SAR intensity
images. However, the capability of SAR to detect oceanic fronts
is related to radar parameters, such as frequency [8], [9], polar-
ization [8], [9], incidence angle [3], and look direction [10], and
is also influenced by wind [11], [12] and current [10]. Therefore,
in some cases, the signature of oceanic fronts is extremely weak
in the SAR intensity image. As a consequence, oceanic front
extraction methods based on the SAR intensity image are no
longer appropriate.

The significant surface velocity gradient across a front is an
essential feature of oceanic fronts [13]–[15]. The motion of
sea surface scatterers induced by frontal current gradient due
to wave-current interaction is recorded in the SAR Doppler.
Chapron et al. [16] pioneered the method to retrieve the surface
Doppler velocity from single antenna satellite SAR measure-
ments and pointed out that the Doppler velocity contains con-
tributions from ocean surface motion induced by wind and cur-
rents. Subsequent studies have shown that although the Doppler
velocity is not a direct surface current measurement, the use
of Doppler observations can help to derive new and innovative
estimates of the mesoscale dynamics [17]. With particular in-
terest in the Gulf Stream, Biron et al. [18] demonstrated the
capability of Doppler velocity to extract the position of strong
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currents using Sentinel-1 radial velocity products. However, the
resolution of the Doppler velocity images is coarser than that
of the SAR intensity images, which may lead to a deviation of
the extracted position of the front. Moreover, the capability of
Doppler techniques to extract ocean surface currents is affected
by both the direction and magnitude of the wind and currents
velocities because only one component velocity (i.e., radial
velocity) can be captured.

In this article, a method combining intensity and Doppler
information for oceanic front extraction from Chinese Gaofen-3
(GF-3) single-look complex (SLC) data is proposed. The method
takes benefit of the high resolution of the SAR intensity im-
ages and takes benefit of the good performance of Doppler
in capturing the velocity gradient across the front. First, the
Doppler velocity gradient of oceanic fronts is derived, and the
least squares technique is applied to extract an oceanic front.
Then, the oceanic front is extracted from the SAR intensity
image. Finally, a fusion algorithm is utilized after a decision.
The performance of the method is verified by application to
three cases that oceanic front signatures are clearly visible,
partially visible, and extremely weak in the SAR intensity
images.

The rest of this article is organized as follows. Section II
details the methodology, followed by the case studies in Sec-
tion III. Section IV presents a brief discussion. Finally, Section V
concludes this article.

II. METHODOLOGY

The flow chart of the proposed method in this article is shown
in Fig. 1. The input is GF-3 SLC data. As illustrated in Fig. 1, the
process consists of four parts: ocean surface Doppler velocity
estimation, oceanic front extraction from ocean surface Doppler
velocity gradient, oceanic front extraction from SAR intensity
images, and decision fusion. The abovementioned four parts will
be detailed as follows.

A. Ocean Surface Doppler Velocity Estimation

The received signal experiences a Doppler shift because of the
relative motion of the sensor and the target [19]. Doppler shift is
the key capability of SAR to measure velocity, which is widely
used to separate moving targets from stationary clutter [20].
As the beam has its maximum gain along its central axis or
boresight, the peak modulation occurs at the time that the beam
center crosses the target. The Doppler frequency at this time is
the azimuth center frequency of the data, and is referred to as
the “Doppler centroid” [19]. The Doppler centroid fDc can be
estimated from the SLC data, the predicted Doppler shift fDp

arising from the relative of the satellite and rotating earth, and a
Doppler centroid anomaly is defined by [21]

fDca ≡ fDc − fDp. (1)

A geophysical Doppler shift relates to the Doppler centroid
anomaly by [21]

fphys = fDca − ferr (2)

where ferr accounts for the estimation errors of both fDca

and fDp, antenna electronic mispointing, residual error coming
from imperfect prediction of the nongeophysical terms or other

unknown biases. fphys should be zero for a surface at rest with
respect to the earth. For the dynamic sea surface, however, the
geophysical Doppler shift relates to the motion information of
both current and surface scatterers, converted to ocean surface
Doppler velocity

vd = − πfphys

ke sin θI
(3)

where ke is the electromagnetic wavenumber and θI is the angle
of incidence of the radar beam relative to the normal to the
surface. The positive Doppler velocity is directed toward the
SAR look direction, and the negative Doppler velocity is directed
away from the SAR look direction.

1) Doppler Centroid fDc Estimation: For the dynamic sea
surface, the motion of each part is different, which results in
a different Doppler shift. Therefore, SLC data are divided into
M ×N subblocks of equal size along the azimuth direction
and range direction, and the Doppler centroid of each subblock
is estimated. The size of each subblock is Na×Nr, where
Na and Nr represent the number of azimuth and range pixels,
respectively. The selection of Na and Nr depends on the rela-
tionship between the Doppler pixel spacing and the SAR-image
pixel spacing. M and N are the ratios of the SLC data size
and the subblock size in the azimuth and range directions,
respectively, rounded down. In this article, a correlation Doppler
estimator method, proposed by Madsen [22], is used to estimate
the Doppler centroid. The method starts from the time domain
and utilizes the Fourier transform relationship between the sig-
nal power spectrum and the correlation function. The Doppler
centroid is estimated by the phase difference of radar data. The
Doppler centroid of each subblock is

fDc =
PRF
2π

arg
(
C (η, τ)

)
(4)

where operator arg(·) denotes the argument of a complex num-
ber, C(η, τ) is the average autocorrelation coefficient, η is the
SAR azimuth time, τ is the SAR range time. PRF is the SAR
pulse repetition frequency, and the autocorrelation coefficient
C(η, τ) is as follows:

C (η, τ) =
∑
η

s (η, τ) s∗ (η +Δη, τ) (5)

where s(η, τ) is the SAR signal in the time domain, ∗ indicates
a complex-valued conjugate, and Δη = 1/PRF . The average
autocorrelation coefficient C(η, τ) is calculated as follows:

C (η, τ) =
1

Nr

Nr∑
r=1

C (η, τr). (6)

Combining (4)–(6), the Doppler centroid of each subblock can
be written as

fDc=
PRF
2π

1

Nr
arg

{
Nr∑
r=1

∑
η

s (η, τr) s
∗ (η +Δη, τr)

}
. (7)

It should be noted that due to the earth’s rotation, the
Doppler centroid varies over the orbit, while the data are
sampled with the pulse-repetition frequency, and an ambiguity
about the correct PRF band remains [23]. However, the GF-3
spacecraft operation follows a zero-Doppler attitude steering
mode, which is designed to reduce the Doppler centroid of the
stationary target to a theoretical 0 Hz. In addition, since the
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Fig. 1. Flowchart of the proposed methodology. The symbols and various expressions will be further explained in the rest of Section II.

Doppler velocity of the ocean surface current usually does not
exceed 2 m/s, the Doppler shift induced by a current lies within
[−PRF,PRF ). Therefore, PRF -ambiguity resolving is not
necessary in this article.

2) Predicted Doppler fDp Calculation: The systematic fac-
tors affecting the predicted Doppler fDp can be summarized
as the satellite orbit geometry, radar beam pointing, and the
intersection point of the beam with the rotating surface. The
predicted Doppler is a function of range and is mainly related to
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the satellite yaw, pitch, and roll angles. The predicted Doppler
is given by [21], [24]

fDp =
2vsc
λ

sin γ cosα

× [1− (ωe/ω) (ε cosβ sinψ tanα+ cosψ)] (8)

where the first term represents a Doppler component arising from
the spacecraft motion, and the remaining two terms come from
earth rotation. Specifically, vsc is the magnitude of the spacecraft
velocity along its orbital path, λ is the radar wavelength, γ is the
elevation angle of the radar beam, α is the angle between the
range elevation plane and the spacecraft orbital plane (yaw),ωe is
the angular rate of the earth’s rotation, ω is the spacecraft orbital
rotation angular rate, ε describes whether the radar is looking
to the right (+1) or left (−1) of the orbital velocity vector, β is
the argument of latitude, defined as the angle measured between
the ascending node and the spacecraft position in the orbit plane
from the center of the earth,ψ is the inclination of the spacecraft
orbital plane.

In terms of GF-3 spacecraft, zero-Doppler attitude steering
has compensated for the Doppler shift caused by the earth’s
rotation, in this way, fDp is only due to pointing inaccuracy,
orbit variation errors, variations in terrain height, or implemen-
tation approximations. From GF-3 auxiliary data, the predicted
Doppler can be calculated following the equation

fDp =
[
d0 d1 d2 d3 d4

]
⎡
⎢⎢⎢⎢⎣

1
(ts − t0)

(ts − t0)
2

(ts − t0)
3

(ts − t0)
4

⎤
⎥⎥⎥⎥⎦ (9)

where di(i = 1, 2, 3, 4) are the Doppler coefficients, ts is the
two-way range time, and t0 is the reference time.

B. Oceanic Front Extraction From Ocean Surface Doppler
Velocity Gradient

Since velocity varies with different local sea surface areas,
and the coastal area is more likely to cause discontinuities in the
Doppler estimation results, the ocean surface Doppler velocity
Vd is first spatially filtered to facilitate subsequent processing.
Calculating the gradient of filtered Doppler velocity, the ocean
surface Doppler velocity gradient Gv is obtained.

The Doppler velocity is sensitive to direction, thus the Doppler
velocity gradient Gv is also related to direction. Oceanic front
velocity gradients can be acquired except for the case where
the direction of the oceanic front is aligned with azimuthal
direction. The Doppler velocity increases with radially directed
front velocity as well as increasing front velocity. A maximum
Doppler velocity corresponds to the case where the front is
strong and roughly aligned with range direction. In this case,
a maximum Doppler velocity gradient may be also obtained.

Let r and s denote the index of the azimuth and range
directions, respectively, and the azimuth index corresponding
to the maximum magnitude of all elements of each range cell of
Gv is taken. Then, the vector y ∈ RN−1 is obtained. The values

of y can be expressed as

ys = argmax
r

(‖Gv(r, s)‖2) r = 1, 2, . . . ,M − 1

s = 1, 2, . . . , N − 1.
(10)

After taking the derivative of the vector y with respect to s,
the vector y is then divided into K(1 ≤ K ≤ N − 1) segments
according to the fact that the oceanic front is continuous. For
the kth segment yk ∈ RSk , Sk satisfies

∑K
k=1 Sk = N − 1. An

lk−order polynomial plk
k (x) = Rkak is utilized to fit each vec-

tor yk, where x = [x1, x2, . . . , xp, . . . , xSk
]�, xp = s, Rk ∈

RSk×(lk+1). The polynomial coefficients ak can be obtained
by solving the L2 regularization problem

âk = argmin
ak

{
‖Rkak − yk‖22 + λ ‖ak‖22

}
(11)

where λ is the regularization parameter of the term ‖ak‖2, and
‖ak‖2 can be expressed as follows

‖ak‖2 =

(
lk+1∑
�=1

|ak(�)|2
) 1

2

. (12)

The estimates of polynomial coefficients âk can be expressed as
follows:

âk= (Rk
�Rk − λI)−1Rk

�yk. (13)

In this way, the polynomial plk
k (x) can be determined. All

the points (xp,p
lk
k (xp)) that satisfy

∥∥plk
k (x)− y

∥∥
2
≤ 2δDop

(where δDop is the Doppler resolution) form a set F1, as the
result of oceanic front extraction from ocean surface Doppler
velocity gradient.

C. Oceanic Front Extraction From SAR Intensity Images

The magnitude of the input GF-3 SLC data is taken to obtain
the SAR intensity image. In order to accurately reflect the
scattering characteristics of oceanic fronts, the SAR intensity
image is radiometrically calibrated first. For GF-3 SAR data,
the NRCS can be expressed as

σ0 = 10 lg
[
P 2(QualifyValue/32767)2

]
−KdB (14)

where P 2 is the intensity of SAR images,QualifyValue is the
quantized value of data, and KdB is the calibration constant.

Then, the speckle noise and thermal noise in the SAR intensity
image are filtered to reduce the influence of noise on subsequent
processing to improve the extraction accuracy. Finally, the gra-
dient at each pixel (x, y) of the calibrated SAR intensity image
I is calculated.

∇I = [gx gy]
� =

[
∂σ0

∂x

∂σ0

∂y

]�
. (15)

The gradient vector indicating the magnitude M(x, y) and di-
rection α(x, y) of the maximum rate of change at pixel (x, y) in
the SAR intensity image are given by

M(x, y) = ‖∇I‖2 (16)

α(x, y) = arctan (gy/gx) . (17)

According to M(x, y) and α(x, y), points (x0, y0) in the SAR
intensity image are extracted, and all the points form a set F2 as
the result of oceanic front extraction from SAR intensity images.
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TABLE I
SCENES DISCUSSED IN CASE STUDIES

D. Decision Fusion

In order to facilitate the decision of oceanic front extraction
result from ocean surface Doppler velocity gradient F1 and
oceanic front extraction result from SAR intensity imagesF2, for
each point (xp,p

lk
k (xp)) in F1, the corresponding point (xq, yq)

in the SAR intensity image is

xq =

⌊
Na× xp − Na

2

⌋

yq =

⌊
Nr × yp − Nr

2

⌋
, yp = plk

k (xp) (18)

where 	·
 represents rounding down. Since the Doppler velocity
gradient has a coarser resolution and fewer pixels than that of the
SAR intensity images, it is interpolated to the same resolution
as the SAR intensity images, the interpolated oceanic front
extraction result is recorded as F1

′.
The decision of oceanic front extraction results is taken ac-

cording to the three different manifestations of oceanic front
signature in the SAR intensity images. For the case in which
the oceanic front signature is clearly visible in SAR intensity
images, (i.e., ‖F1

′ − F2‖2 ≤ δDop), F2 is used as the oceanic
front extraction result. For the case in which the oceanic
front signature is partially visible in the SAR intensity im-
ages, F1

′ and F2 are fused as the oceanic front extraction
result F

F = ρF ′
1 + (1− ρ)F2 (19)

where ρ stands for the weight coefficient, and the value of ρ is
determined by

ρ =

{
1
0

SNR < th
others

(20)

where SNR is the signal-to-noise ratio given by the following
equation, and th is the threshold, which depends on the actual
data and is theoretically 0:

SNR = 10 log 10
E
{∣∣σ0

F

∣∣2}
E
{
|σ0

B |2
} (21)

whereE{·} stands for the expectation operator, σ0
F is the NRCS

of the SAR intenstiy images at the location of an oceanic front,
and σ0

B is the NRCS of the uniform ocean background. For the
case in which the oceanic front signature is extremely weak in
the SAR intensity images, that is, F2 = ∅, ∅ denotes an empty
set, F1

′ is used as the final result.

III. CASE STUDIES

In this section, three case studies of oceanic front extraction
from GF-3 SLC data carried out using proposed method are
presented. GF-3, launched on August 10, 2016, is the first

Chinese C-band multipolarized SAR satellite with the highest
resolution of one meter for marine surveillance and monitoring.
GF-3 SAR has 12 imaging modes and good ocean and coastal
monitoring capabilities [25]–[28]. The scenes of GF-3 data were
selected (listed in Table I) because they highlight three distinct
cases: 1) the oceanic front signature is clearly visible in the SAR
intensity image, 2) the oceanic front signature is partially visible
in the SAR intensity images, and 3) the oceanic front signature
is extremely weak in the SAR intensity images.

A. Case 1: Oceanic Front Signature is Clearly Visible in the
SAR Intensity Images

1) Results: Fig. 2(a) shows the GF-3 image that was acquired
on February 25, 2020 at 21:37:52 UTC (descending pass, VV
polarization), with the center of the image being located at
125.91 °E, 27.98 °N. The arrows indicate the azimuth (A) and
range (R) directions. As shown in Fig. 2(a), a line with sharp
gradient of NRCS is approximately distributed along the range
direction at the lower middle part of the SAR image, which is
consistent with the signature of the oceanic front in the SAR
images. Furthermore, the oceanic front can be judged as the
Kuroshio front according to its geographical location. Fig. 2(b)
represents the estimated ocean surface Doppler velocity, as can
be seen, the direction of the Doppler velocity is roughly aligned
with the main direction of propagation of the Kuroshio. Fig. 2(c)
shows the Doppler velocity gradient, where the solid black line
indicates the oceanic front extracted from the Doppler velocity
gradient. Fig. 2(d) is the oceanic front extraction result. The solid
red line indicates the oceanic front extracted from the Doppler
velocity gradient, and the solid blue line indicates that extracted
from the SAR intensity image.

2) Interpretation: To clearly compare and analyze the
oceanic front extraction result from the SAR intensity image
and that from the Doppler velocity gradient, we take the SAR
image transect shown by the solid white line in Fig. 2(d) and its
corresponding Doppler velocity gradient transect. The transect
is taken because the distance between the oceanic front extracted
from the ocean surface Doppler velocity gradient and that ex-
tracted from SAR intensity image is farthest. We calculate the
SAR image contrast and compare it with the Doppler velocity
gradient along the transect, the equation of SAR image contrast
CR is expressed as

CR =
∣∣(It − Īt)/Īt

∣∣ (22)

where It is the intensity of SAR image along the transect, and
Īt is the average intensity of SAR image along the transect. The
purpose of taking the absolute value is to keep the CR positive
at the location of the oceanic front, regardless of whether the
oceanic front is a bright line or a dark line in the SAR image.
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Fig. 2. Case of GF-3 QPSI mode data acquired on February 25, 2020 at 21:37:52 UTC (descending, VV polarization). (a) SAR intensity image. The azimuth (A)
and range (R) directions are indicated by arrows. (b) Estimated Doppler velocity. (c) Doppler velocity gradient with the extracted oceanic front (solid black line)
superimposed. (d) Oceanic front extraction results, where the solid red line and the solid blue line indicate the oceanic front extracted from the Doppler velocity
gradient and SAR intensity image, respectively. The solid white line indicates the transect for the analysis.

The positions of the oceanic front in the SAR intensity and that in
the Doppler velocity gradient are determined by the highest SAR
image contrast variation peak and the highest Doppler velocity
variation peak along the transect, respectively.

Fig. 3 illustrates a comparison of variations of SAR image
contrast and the Doppler velocity gradient along the transect
shown by the white line in Fig. 2(d), where the red and the
blue lines indicate the variation of the Doppler velocity gradient
and the variation of SAR image contrast along the transect,
respectively. It can be seen that the oceanic front corresponds to
the Doppler velocity gradient variation, located at 7.92 km along
the transect, exceeding the ambient Doppler velocity gradient
by two times. The variation of SAR image contrast also reaches
its highest peak at 8.45 km along the transect, with a distance of
0.53 km with respect to the position of oceanic front extracted
from the Doppler velocity gradient. The variations of NRCS
are affected by both wind and wave amplitude and direction,
which could offset the local positions of NRCS maxima [29].
The Doppler velocity relates to a spatial mean of the range
velocity component weighted by the surface local NRCS,
which is a result of the line-of-sight velocities of all surface
scattering elements, including Bragg resonance waves, specular

Fig. 3. Comparison of variations of SAR image contrast and the Doppler
velocity gradient along the transect shown by the white line in Fig. 2(d), where
the blue line indicates the variation of SAR image contrast along the transect,
and the red line indicates the variation of the Doppler velocity gradient along
the transect.

facets, and breaking waves, advected by and interacting with
the underlying surface currents [16], [17]. Therefore, we expect
the Doppler variation peak and SAR image contrast variation
peak to be located close to each other but not necessarily in



SUN et al.: ON THE USE OF OCEAN SURFACE DOPPLER VELOCITY FOR OCEANIC FRONT EXTRACTION FROM CHINESE GAOFEN-3 2715

Fig. 4. SST gradient derived from the SST data acquired on February 25, 2020
at 12:00:00 UTC, where the red box refers to the location of the GF-3 image. (b)
An enlarged image at the location of the SAR image with the extracted oceanic
front from SAR (thick black line) superimposed, where the overlaid thin black
lines represent the isotherms.

the same place. The result is promising, which implies that the
oceanic front extracted from the Doppler velocity gradient can
be used as a reference for the oceanic front extracted from the
SAR intensity images.

In this article, the sea surface temperature (SST) gradient is
utilized as a reference for the oceanic front extraction results.
The SST gradient is derived from SST data. The SST data are
acquired from the operational sea surface temperature and ice
analysis system, which produces high-resolution analysis and
intercomparison products for the SST of the global ocean from
satellite and in situ data [30].

Fig. 4(a) shows the SST gradient derived from the SST data
acquired on February 25, 2020 at 12:00:00 UTC, where the red
box indicates the location of the GF-3 image. Fig. 4(a) and (b)
shows that the Kuroshio flows through the SAR image coverage
area from the south to the north and an enlarged image with
the extracted oceanic front from SAR SLC data. As shown in
Fig. 4(b), the oceanic front extraction result falls within 21 °C–
22 °C isotherms with a strong SST gradient of approximately
0.08–0.15 °C/km, which is due to the front being the strong
western boundary warm current Kuroshio. Fig. 4 shows that in
the case where the oceanic front signature is clearly visible in
the SAR intensity images, oceanic fronts extracted from both
the SAR intensity image and the ocean surface Doppler velocity
are credible.

B. Case 2: Oceanic Front Signature is Partially Visible in the
SAR Intensity Images

1) Results: Fig. 5(a) shows the GF-3 image that was acquired
on November 24, 2020 at 21:43:15 UTC (descending pass, HH
polarization), with the center of the image being located at
123.16 °E, 22.39 °N. The azimuth (A) and range (R) direc-
tions are indicated by arrows. The dotted red box refers to the
area where the oceanic front signature is invisible in the SAR
intensity image. Fig. 5(b) shows the estimated ocean surface
Doppler velocity, where the dotted black box refers to the area
corresponding to the dotted red box in the SAR intensity image.
Fig. 5(c) shows the Doppler velocity gradient with the extracted
oceanic front (black line) superimposed, where the solid black
line indicates that the signature of oceanic front is visible in the
SAR intensity image, and the dashed black line indicates that
the signature of oceanic front is invisible in the SAR intensity
image. Fig. 5(d) shows the oceanic front extraction results. The
solid blue line indicates the oceanic front extracted from the SAR
intensity image, and the red line indicates that extracted from
the Doppler velocity gradient. The solid red line indicates the
extraction result of the oceanic front signature visible in the SAR
image, and the dashed red line indicates the extraction result of
the oceanic front signature invisible in the SAR image.

In Fig. 5(a), two oceanic fronts can be observed. They have
the same orientation that is approximately distributed along the
diagonal of the image and are disconnected at four-fifths of the
range direction [see dotted red box in Fig. 5(a)]. It is worth
noting that the continuous Doppler velocity boundary shown
in the dotted black box in Fig. 5(b) exactly corresponds to the
red dotted box in Fig. 5(a), which implies that the two oceanic
fronts in Fig. 5(a) are actually the same one. According to the
estimated Doppler velocity, it is reasonable to assume that the
front in the red box in Fig. 5(a) is approximately distributed
along the range direction, which may lead to it being invisible
in the SAR intensity image. Comparing Fig. 5(a) with (c), it is
found that the invisible part of the oceanic front signature in the
SAR intensity image [see red dotted box in Fig. 5(a)] can be
extracted from the Doppler velocity gradient [see dashed black
line in Fig. 5(c)]. Since the Doppler is insensitive to azimuthal
velocity, when the oceanic front is approximately parallel to the
azimuth direction, the Doppler velocity signature is relatively
weak, which results in some nonuniform sea surface features
easily interfering with the Doppler velocity gradient arising from
the oceanic fronts, as shown in the red dotted box in Fig. 5(c).
This artifact can be filtered out using the continuity condition of
oceanic fronts. Fig. 5(d) shows the oceanic front extracted from
the Doppler velocity gradient and that extracted from the SAR
intensity image can be well fused.

2) Interpretation: Three SAR image transects shown by the
solid white lines in Fig. 5(d) and their corresponding Doppler
velocity gradient transects are taken. As shown in Fig. 5(a)
and (d), the signature of oceanic front intercepted by transect
1 is visible only in the SAR intensity image, the signature of
oceanic front intercepted by transect 2 is visible only in the
Doppler velocity gradient image, and the signature of oceanic
front intercepted by transect 3 is visible both in the SAR intensity
image and the Doppler velocity gradient image.
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Fig. 5. Case of GF-3 FSII mode data acquired on November 24, 2020 at 21:43:15 UTC (descending pass, HH polarization). (a) SAR intensity image. The azimuth
(A) and range (R) directions are indicated by arrows. (b) Estimated Doppler velocity. (c) Doppler velocity gradient with the extracted oceanic front (solid black
line) superimposed. (d) Oceanic front extraction results. The solid blue line is the oceanic front extracted from the SAR intensity image, and the red line is that
extracted from the Doppler velocity gradient. The solid red line indicates the extraction result of the oceanic front signature visible in the SAR image, and the
dashed red line indicates the extraction result of the oceanic front signature invisible in the SAR image. The solid white line indicates the transect for the analysis.

Fig. 6(a) illustrates a comparison of variations of SAR image
contrast and the Doppler velocity gradient along transect 1
shown in Fig. 5(d), where the red and the blue lines indicate the
variation of the Doppler velocity gradient and the variation of
SAR image contrast along transect 1, respectively. As shown in
Fig. 6(a), the variation of SAR image contrast has a highest peak
located at 23.59 km along transect 1, while the Doppler velocity
gradient does not have a significant peak. This is because the
oceanic front is approximately parallel to the azimuth direction,
and the Doppler velocity signature is relatively weak, which
results in the Doppler velocity gradient arising from the oceanic
front not being significant.

A comparison of variations of SAR image contrast and the
Doppler velocity gradient along transect 2 in Fig. 5(d) is pre-
sented in Fig. 6(b), where the red and the blue lines indicate
the variation of the Doppler velocity gradient and the varia-
tion of SAR image contrast along the transect 2, respectively.
As shown in Fig. 6(b), the variation of the Doppler velocity
gradient reaches its peak at 23.49 km along transect 2, the
position of the peak corresponds to the red dotted line intercepted
by transect 2 in Fig. 5(d), while the variation of SAR image

contrast is relatively uniform, without a significant peak. In
addition, the oceanic front extracted from the Doppler veloc-
ity gradient and that extracted from the SAR intensity image
can be well connected [see Fig. 5(d)], which implies that the
oceanic front extracted from the Doppler is effective to sup-
plement that extracted from SAR intensity in the case where
the oceanic front signature is not visible in the SAR intensity
image.

Fig. 6(c) exhibits a comparison of variations of SAR image
contrast and the Doppler velocity gradient along transect 3
shown in Fig. 5(d), where the red and the blue lines indicate the
variation of the Doppler velocity gradient and the variation of
SAR image contrast along transect 3, respectively. The variation
of SAR image contrast and the Doppler velocity gradient have
peaks located at 23.87 km and 23.40 km along transect 3,
respectively, with a distance of 0.47 km. The result is promising
and is consistent with that shown in Fig. 3.

Fig. 7(a) shows the SST gradient derived from the SST data
acquired on November 24, 2020 at 12:00:00 UTC, where the
red box refers to the location of the GF-3 image. A linear
strong SST gradient in the area covered by SAR image can
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Fig. 6. Comparison of variations of SAR image contrast and the Doppler
velocity gradient along (a) transect 1, (b) transect 2, and (c) transect 3 shown
in Fig. 5(d). The red and the blue lines indicate the variation of the Doppler
velocity gradient and the variation of SAR image contrast along three transects,
respectively.

be observed. Fig. 7(b) shows an SST gradient enlargement
in the study area with the oceanic front extracted from SAR
(thick black line) overlaid on, where the thin black solid line
indicates the isotherms. As shown in Fig. 7(b), the oceanic
front extracted from SAR exhibits a linear feature similar to
the SST gradient, which demonstrates that in the case where

Fig. 7. (a) SST gradient derived from the SST data acquired on November
24, 2020 at 12:00:00 UTC, where the red box refers to the location of the GF-3
image. (b) An enlarged image at the location of the SAR image with the extracted
oceanic fronts from SAR (thick black line) superimposed, where the overlaid
thin black lines represent the isotherms.

the signature of oceanic front is partially visible in the SAR
intensity images, the oceanic fronts extracted from both the
SAR intensity image and the ocean surface Doppler velocity are
credible.

C. Case 3: Oceanic Front Signature is Extremely Weak in the
SAR Intensity Images

1) Results: Fig. 8(a) shows the GF-3 image that was acquired
on April 26, 2021 at 21:11:54 UTC (descending pass, VV po-
larization), with the center of the image being located at 130.58
°E, 24.44 °N. The arrows indicate the azimuth (A) and range (R)
directions. Fig. 8(b) shows the estimated ocean surface Doppler
velocity. In Fig. 8(a), the oceanic front signature is extremely
weak, whereas a clear Doppler velocity boundary is shown in
Fig. 8(b). The different NRCS intensity structures above and
below the image can be observed. This NRCS intensity structure
may be related to the planetary boundary layer rolls that depend
on air-sea temperature difference. Radar signatures observed at
VV polarization are essentially influenced by variations of the
wind speed and thermal stratification [9], which may account
for the oceanic front signature weak in the SAR intensity image.
Fig. 8(c) shows the Doppler velocity gradient with the extracted
oceanic front (solid black line) overlaid on. Fig. 8(d) shows the
SAR intensity image with the oceanic front extraction result
superimposed.
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Fig. 8. Case of GF-3 FSI mode data acquired on April 26, 2021 at 21:11:54 UTC (descending pass, VV polarization). (a) SAR intensity image. The azimuth (A)
and range (R) directions are indicated by arrows. (b) Estimated Doppler velocity. (c) Doppler velocity gradient with the extracted oceanic front (solid black line)
superimposed. (d) Oceanic front extraction result. The solid white line indicates the transect for the analysis.

Fig. 9. Comparison of variations of SAR image contrast and the Doppler
velocity gradient along the transect shown by white line in Fig. 8(d), where
the red line indicates the variation of the Doppler velocity gradient along the
transect, the blue line indicates the variation of SAR image contrast along the
transect.

2) Interpretation: The SAR image contrast transect shown
by the solid white line in Fig. 8(d) and its corresponding Doppler
velocity gradient transect are taken. Variations of SAR image
contrast and the Doppler velocity gradient along the transect are
shown in Fig. 9. The variation of the Doppler velocity gradient

has a highest peak located at 10.4 km along the transect, whereas
the variation of SAR image contrast is relatively uniform, with-
out a significant peak. Fig. 9 implies that the oceanic front
extracted from the Doppler velocity gradient is an effective
supplement in the case where the oceanic front signature is
extremely weak in the SAR intensity image.

Fig. 10(a) shows the SST gradient derived from the SST data
acquired on April 26, 2021 at 12:00:00 UTC, where the red
box refers to the location of GF-3 image. Fig. 10(b) shows
an enlarged image in the study area with the oceanic front
extracted from SAR (thick black line) superimposed. As shown
in Fig. 10(b), the oceanic front extracted from SAR falls within
the 22.2 °C–22.4 °C isotherms with an SST gradient of approx-
imately 0.03–0.04 °C/km. Changes in the marine atmospheric
boundary layer or in the viscous properties of the sea surface
induced by the spatial variations of SST [31], dynamics of local
turbulent conditions and time-varying vertical mixing conditions
due to fluid dynamics lead to variations in NRCS. Although the
probability of change is high near SST gradients, NRCS, and
Doppler changes are not exactly collocated with the steepest
SST gradient. In addition, taking into account the time difference
between SST and SAR data acquisition, the extraction results
of oceanic fronts can be considered plausible as long as the
frontal line falls within or near the frontal zone. Moreover, the
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Fig. 10. (a) SST gradient derived from the SST data acquired on April 26, 2021
at 12:00:00 UTC, where the red box refers to the location of the GF-3 image.
(b) An enlarged image at the location of the SAR image with the extracted
oceanic fronts from SAR (thick black line) superimposed, and the overlaid thin
black lines represent the isotherms.

orientation of the front extracted from SAR is consistent with
the orientation of the SST gradient, which demonstrates in the
case where the signature of oceanic front is extremely weak in
the SAR intensity images, the oceanic front extracted from the
ocean surface Doppler velocity gradient is credible.

IV. DISCUSSION

In this study, we extracted oceanic fronts from both the
intensity and the Doppler from GF-3 SLC data. In general, VV
polarized data are preferred for extracting oceanic fronts from
SAR intensity images because of their high NRCS [32]. Both
wind and currents affect the sea surface NRCS and thus the
extraction of oceanic fronts. Winds coming toward or away from
the antenna look direction have higher NRCS than winds that
are offset from the antenna direction, and the surface NRCS
increases with the increase of wind speed [32]. Frontal currents
change the surface NRCS due to wave-current interaction. The
current gradient modulates the sea surface NRCS while a con-
stant current only affects the surface mean NRCS.

The Doppler velocity contains contributions from ocean sur-
face motion induced by wind and the underlying ocean cur-
rents [33], [34]. Due to surface wind, the Doppler velocity for
HH polarization is always larger than that for VV polariza-
tion [35]. However, the Doppler velocity gradient, rather than the
precise current velocity, is of interest for oceanic front extraction.
In addition, significant changes in the wind direction appears
at the regions along the front [31], which further enhances the

Doppler velocity gradient and makes it easier to extract the
oceanic front from the Doppler velocity gradient. The Doppler
velocity increases with radially directed wind and current as well
as increasing wind and current velocity, and maximum Doppler
velocity corresponds to cases when the wind and current are
strong and parallel to the antenna look direction [33], [34]. For
case in which oceanic fronts are aligned with range direction, the
extraction of oceanic fronts from the Doppler velocity gradient
works best.

In addition to wind and currents, the extraction of oceanic
fronts is also affected by radar parameters. In future work, SAR
data with different imaging modes, frequency, bands, polariza-
tions, and incidence angles will be collected to study their effects
on oceanic front extraction. In addition, oceanic front extraction
under complex ocean backgrounds needs to be performed to
validate the positive results obtained in this study.

V. CONCLUSION

This article was aimed at extracting oceanic fronts from
GF-3 SAR data, especially for the case that the oceanic front
signature is not clearly visible in the SAR intensity images. A
method combing intensity and Doppler information to extract
oceanic fronts was proposed, which takes benefit of the high
resolution of the SAR intensity images and takes benefit of
the good performance of the Doppler in capturing the velocity
gradient across a front. A detailed presentation of the data
processing scheme for oceanic front extraction was provided.
The performance of the method was verified by application to
three cases that oceanic front signatures were clearly visible,
partially visible, and extremely weak in the SAR intensity
images. The results showed that the oceanic front extracted
from the Doppler velocity gradient can not only complement the
oceanic front extracted from SAR intensity images, but also can
be used as a reference for the oceanic front extracted from SAR
intensity images. The Doppler velocity, as supplementary infor-
mation, improves the capability of oceanic front extraction from
SAR data.
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