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High-Resolution Sea Surface Current Vector Field
Inversion Based on Circular Scanning SAR

Xiaonan Yao ¥, Xiaoqing Wang ', Lixia Liu

and Zheng Lu

Abstract—The Doppler scatterometer is an instrument used in
real aperture radar in conjunction with a circular scanning antenna
and has wide swath and multiangle characteristics. Many scholars
have studied sea surface current vector field based on the use of
the Doppler scatterometer. However, the existing methods directly
use the phase difference of the spectrometer’s echo to obtain the
current vector field, and the resolution can be improved. This study
proposes a high-resolution inversion method for ocean surface
current fields based on circular scanning synthetic aperture radar
(SAR). The current field is estimated by the proposed method based
on the Doppler spectrum of the single complex image to realize
high-resolution current vector field inversion. The current field
inversion of circular scanning SAR is very sensitive to attitude and
wind field errors. Accordingly, a model is established to study the
influences of the main errors on Doppler shift estimation, and a
global optimization method is proposed to realize high-precision
current velocity inversion and synchronous error estimation. The
effectiveness of this method is verified by using airborne circular
scanning SAR data.

Index Terms—Circular scanning synthetic aperture radar
(SAR), Doppler shift, least squares, sea surface current velocity.

I. INTRODUCTION

HE ocean current is a critical ocean dynamic parameter
T that is linked to human activities [1]. Ocean currents play
a significant role in the exchange of materials and energy and
impact global climate change. Furthermore, the inversion of
ocean currents facilitates the development of offshore oil and gas
fields and the management of fishery resources. To comply with
the data requirements of the survey report on oceanic variables
by the European contribution to the Global Ocean Observing
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System [2], the two most critical components are sea surface
current velocity and direction. Accurate measurement and mon-
itoring of these parameters are, therefore, vital to investigating
and monitoring ocean currents.

Currently, the ocean current field is mainly detected using field
measurements and radar technologies. In situ current measuring
equipment, such as current meters and drift buoys [3], [4], are
used for measurements at discrete points, and radar technology,
including shore-based radar, satellite altimeters, Doppler scat-
terers, and synthetic aperture radar (SAR), enables wide-area
observations. X-band and high-frequency ground wave radar
are examples of shore-based radar that can measure currents
in near-shore areas but are inadequate for global observations
[51, [6], [7], [8], [9]. Satellite altimeters estimate geostrophic
currents by measuring sea surface height using the balance
between the Coriolis force and the pressure force [10], [11].
However, altimeters are only suitable for measuring large-scale
geostrophic currents and do not reflect other sea surface currents.
For measuring the current field, SAR also plays a significant
role. There are two commonly used methods for utilizing SAR
data for current field measurements: Doppler centroid analysis
(DCA) and along-track interferometry (ATI). DCA can only
calculate the line-of-sight (LOS) velocity component of the sea
surface current and ignore direction values; correspondingly, it
is suitable for single-antenna SAR data processing [12]. The
ATI method uses interference phases to achieve high-resolution
measurements of the sea surface current field, which is one of the
hottest methods for measuring the current field at present [13],
[14]. However, the ATI method demands complex equipment
and requires SAR data from at least two antennas. SAR satellites,
such as Sentinel-1 and Envisat, can obtain high-resolution radial
velocity measurements of the ocean surface, but their relatively
narrow swath limits their use for global observations.

As compared to SAR, Doppler scatterometers have the advan-
tage of multiangle and broad swath properties [15], [16]. When
the Doppler scatterometer moves forward, its antenna continues
to scaninacircular pattern; thus, it can revisit the same area many
times from different directions within a short time to retrieve the
sea surface current vector field. Therefore, Doppler scatterome-
ters, such as pencil-beam rotating scatterometer [17], [18], [19],
[20], [21], [22], [23] and sector-beam rotating scatterometer
[24], [25], are proposed to measure sea surface velocity and di-
rection. Currently, the inversion of the current vector field by the
Doppler scatterometer has been verified by airborne data [20].
This method was used to estimate the current field based on the
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phase difference of successive radar signals; correspondingly,
its resolution depends on the beam’s footprint. Therefore, the
resolution of this method applied to the satellite platform is poor.
The Sea Surface Kinesthetics Multiscale project of the European
Space Agency [21], [22], [23] is built around a Ka-band pulsed
radar that uses the phase difference of consecutive pulse returns
to measure the LOS velocity of ocean surface targets. Although
its resolution in the range direction is high, its azimuth resolution
is limited to 6 km for Doppler.

The working mode of the circular scanning SAR is like that of
a sector-beam rotating Doppler scatterometer, but the imaging
resolution is improved by imaging processing. The circular
scanning SAR is initially used for scene matching in the terminal
guidance of missiles. In 2015, the National Aeronautics and
Space Administration launched the soil moisture active and
passive satellites equipped with a circular scanning antenna to
detect global soil moisture [26]. Circular scanning SAR has been
applied to the inversion of sea surface current field [27]. Pan et al.
[27] assumed that the entire mapping area was a uniform current
field and finally obtained an average value for the entire area
rather than current vector field. Moreover, the existing methods
use directly the phase difference of the echo to obtain the current
vector field, and the resolution is not very high.

In this study, we propose a method for estimating the sea
surface current vector field using circular scanning SAR. Unlike
the methods based on echo phase differences, this method can
retrieve a wide area of sea surface vector current field from
multicycle echo data via a single antenna with significantly
improved current field resolution. In Section II, we elaborate
on the retrieval of the sea surface current vector field based
on circular scanning SAR. Specifically, we extract the Doppler
shift from different scanning angles and consider the Doppler
frequency shift caused by attitude and wind field errors in
circular scanning SAR to accurately estimate the sea surface
current vector field. The high-precision current field inversion
is achieved using a global optimization least squares method.
In Section III, we evaluate and confirm the approach using
airborne circular scanning SAR data. In Section IV, we discuss
the applicability of this method, including the limitations of
circular scanning SAR systems and the impact of environmental
factors on the results. Finally, Section V conclude this article.

II. SEA SURFACE CURRENT VECTOR FIELD INVERSION OF
CIRCULAR SCANNING SAR

A. Doppler Shift of Circular Scanning SAR for Ocean Surface

Fig. 1 presents the working schematic of circular scanning
SAR. As the antenna moves forward along the X-axis, it rapidly
and uniformly scans the imaging region on the ground, creating
an almost annular area. Overlapping numerous annular areas
forms a wide swath.

The Doppler frequency of the echo signal is affected by the
relative motion between the circular scanning SAR platform
and the sea surface, implying that the sea surface current field
can be retrieved by using the Doppler shift. However, due to
the complexity of ocean motion and the specialty of circular
scanning SAR for ocean imaging, the Doppler shift fq. in SAR
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Fig. 1. Schematic of circular scanning SAR.
T z
Fig. 2. Schematic of the geometric relationship between current and radar.

ocean data often comprises the following components:
fdc: d?ys"‘f;cg"‘Afdc (l)

where f(ff ** is a geophysical term resulting from ocean wave and
current, f3¥ represents nongeophysical biases caused by satellite
orbit and attitude parameters, and A fy. denotes the residual error
. . ng

in data processing. Therefore, f,° can be expressed as

S =f 4+ Af @)

where f,. represents the Doppler shift caused by platform motion
and antenna rotation, whereas A f,. denotes the residual Doppler
shift caused by platform attitude errors.

One of our primary concerns pertains to the inclusion of the
wind-driven component in the LOS direction of sea surface
Doppler velocity. This component comprises the Ekman cur-
rent, driven by surface wind stress, as well as the Stokes drift
and wind-wave motions induced by the Bragg wave and the
long-wave orbital velocity. Hence, f2® can be decomposed into
two components, namely

S = fot fua 3)

where f. and fyq, respectively, denote the ocean current and the
wind-driven induced Doppler centroid (DC) variations.

Based on the geometric relationship between the ocean cur-
rent and the radar platform, as depicted in Fig. 2, f. at the target
location P can be mathematically represented as

fo= : (—ug cos @sin @ + u,, sin @ sin )



YAO et al.: HIGH-RESOLUTION SEA SURFACE CURRENT VECTOR FIELD INVERSION BASED ON CIRCULAR SCANNING SAR

2 in 6 2 si in 6
_ COS @ sIn Uy S11  S1N uy
A A

where u, and u, denote the current’s azimuth direction and
range direction velocity components, respectively. u = u,x +
uyy is the velocity vector of the current field, x and y are unit
vectors of the X and Y axes, respectively. A is the electromagnetic
wavelength, 6 is the incident angle, and ¢ is the azimuth angle
of the incident beam, i.e., the angle between the beam incident
plane and the orbital plane.

In this equation, u, and u, represent the velocity components
of the current field, respectively, in the azimuth and range
directions. Meanwhile, u = u,x + u,y is the velocity vector
of the current field, x and y are unit vectors of the X and Y
axes, respectively. A is the electromagnetic wavelength, 6 is the
incident angle, and ¢ is the azimuth angle of the incident beam,
i.e., the angle between the beam incident plane and the orbital
plane. It is important to note that in this discussion, we assume
the counterclockwise rotation of the antenna. As illustrated in
Fig. 2, an azimuth angle of 0° is applicable when the antenna
points in the opposite flight direction, whereas for an antenna
pointing in the flight direction, an azimuth angle of 180° applies.
This assumption is made without any loss of generality.

As a result, the following equation represents the Doppler
shift:

fdc:fc+fwd+f'r+Afr+Afdc' (5)

The purpose of this study is to separate f. from fq. and
extract the ocean current vector image. Specifically, the study
aims to accurately estimate the relevant variables and eliminate
the residual Doppler shift and wind-driven component. These
eliminations are necessary to ensure high-precision data.

1) Nongeophysical Biases Model: The accuracy of current
field estimation is affected by nongeophysical biases. These
biases include the Doppler shift caused by platform motion and
attitude errors. The Ku-band radar has a sea surface current speed
measurement precision of 5 cm/s, which requires a slant range
error of less than 20 m and an attitude angle error of less than
0.001° [17]. Itis clear that the slant range error and attitude angle
error significantly impact the estimation; hence, it is necessary
to consider these errors when estimating the current field.

According to Yao et al. [28], assuming that A f,. is caused by
the slant range error A R, pitch error Aa, roll error A3, and yaw
error A, it can be expressed as

Afr = far + faa + fag + fay (6)

where far, faa, fap,and fa~, respectively, denote the Doppler
shift caused by slant range error AR, pitch error A, roll error
Ap, and yaw error A~y.

In addition, Yao et al. [28] establish a correlation between the
slant range error, attitude angle error, and residual Doppler shift.
This correlation means that when the errors are small enough,
A f, can be approximated as a linear superposition of the four
errors at different azimuth angles

Afr (@) = (f'ar (9) - AR+f Ao (¢) - A
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+ [ ag (@) - AB+f'a, (@) - A7) (7)

where f'Ar(®), ['aa(9), [ ap(e), and f'A, (p) are the ex-
pressions of far(#), faa(¥), fas(p), and fa,(p) after the
exclusion of the unknowns AR, Aca, AfS, and A~ at different

azimuth angles, respectively.

2) Doppler Shift Caused by Wind-Driven Components: Pre-
cisely determining and subtracting the wind-driven contribution
is essential for accurately deducing sea surface currents from
SAR Doppler data. Removing the contribution is difficult, and it
is described as one of the biggest challenges in the current SAR
recovery process. The Doppler shift caused by the wind-driven
component fyq can be decomposed into three components

fwd:fE+fS+fu)v (8)

where fg is the component of Ekman current induced by local
wind stress at the surface, and fg is the component of Stokes
drift and wind-wave-induced motions. The term f,,, includes
the phase speed of the Bragg wave and the correlation between
backscatter variation and long-wave orbital velocities. However,
it does not consider the Doppler shift resulting from actual water
mass transport (current), although it does cause a Doppler shift
in the radar measurements.

Accurate estimation of fy, is extremely important. This af-
fects many current measurement techniques and sensors: SAR,
Doppler scatterometer [20], airborne, spaceborne, and tower-
based [29] radars. The component f,,, was investigated by
several authors. For instance, Thompson [30] showed that not
only do the widths of the Doppler spectra broaden owing to the
motion of the long waves, but also a centroid shift is produced
from the Bragg frequency. The author also showed that this
shift is maximized at lower incidence angles and higher radar
frequencies. This means that even in the absence of currents, the
radar measures a Doppler shift from the Bragg phase speed.
Furthermore, this DC shift contributes a significant amount
(~30% of the wind speed) to the Doppler velocity measured
by SAR [12]; this contribution is often larger than the current
we want to retrieve.

The sum of the Ekman and Stokes components is commonly
referred to as the “drift current” and can be parameterized in
the wind speed. This phenomenon was previously investigated
and discussed in [31] and [32]. The reported magnitudes ranged
between ~1% and ~4% of the wind speed, and the direction
varied between 0° and 45°, depending on wind speed, fetch, sea
state, and stratification.

The CDOP model is an empirical geophysical model function
that estimates the Doppler shift of wind-driven components. Re-
searchers [12], [33] demonstrated that the DCA, the difference
between the observed DC and the geometric Doppler shift, has
a distinct geophysical signature based on the examination of the
C-band ENVISAT/advanced SAR data at a worldwide scale.
This signature has been shown by Mouche et al. [34] to be
correlated with the global wind field. The CDOP model predicts
the Doppler shift of the C-band at both VV and HH polarizations
as a function of wind speed, radar incidence angle, and wind
direction relative to the radar’s look direction. Thus, the CDOP
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Fig. 3. Comparison before and after CDOP correction.

model can be described as follows:

fCDOP = fCD (97u103¢7p0l) (9)

where fopop denotes the Doppler shift of wind-driven com-
ponents, ¢ represents the wind direction relative to the radar
look direction, w1 is the wind speed measured 10 m above the
ground, 6 is the incidence angle, and pol can be either VV or
HH. As aresult, fopop can substitute for f,,q.

The KuDop GMF was proposed by scaling the CDOP model
to the Ku-band with a scale factor of approximately 2.6 (e.g.,
13.6/5.3) [35]. Based on the similarities between the Envisat C-
band CDOP model and the X-band wave-mill proof-of-concept
airborne data, Martin et al. [36] demonstrated the validity of
carrier frequency scaling by examining the similarities between
the Envisat C-band CDOP model and the X-band wave-mill
proof-of-concept airborne data. Theoretical considerations [37]
support this finding.

A

However, f = fq. — ks - fcpop is that the shift error caused
by wind is subtracted from the estimated Doppler shift, where
ky is frequency scaling factor. Our calculations, using actual
airborne circular scanning SAR data shown in Fig. 3, suggest
that no discernible cosine change is observed when the frequency
shift error induced by the wind and wave is subtracted from the
estimated Doppler shift. In Fig. 3, the abscissa represents the
azimuth angle from 0° to 360°, whereas the ordinate represents
the DC frequency that changes with the azimuth. The Ku-band
SAR data were acquired on January 11, 2016, at 00:00 UTC
from the Jiaodong Peninsula, China. Additional information can
be found in Section III-A. Speculatively, the application of the
CDOP model to the Ku-band, based solely on frequency scaling,
may result in significant errors. To compensate for the errors
generated by the Ku-band model, a correction term f,,, needs to
be added, which can be expressed as

fm =abs (cos (¢ — @) Am = [, - Am (10)

where Am is the undetermined correction factor.

Furthermore, wind errors, including speed and direction, can
significantly affect current retrievals, leading to degraded perfor-
mance, especially when considering wind direction error [38].
In addition, current direction error is more susceptible to wind
errors than current velocity error. Therefore, this study focuses
on the impact of wind direction error Awind on our calculations.
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Thus, (8) can be expressed as follows:

fwd =k - fepop + fu+ fm (11)

0
fu = MAwmd = f'., - Awind.
OQwind

Therefore, (5) can be expressed as
fac = fe+ fr+ far + faa + fap + fay + kf - fopor
+ fu + fo + Afdc. (13)
That is
f = fae k- Jepor = Ir
= [z Uz 4 fuy -y
+ AR AR+ f'aq-a+ flag- B
+ fay v - Awind + f', - Am + Afge. (14)

12)

B. Sea Surface Current Field Estimation Method Based on
Global Weighted Least Squares

The circular scanning SAR data undergoes deramping and
match-filtering to obtain a single view multiple (SLC) image
[39]. After deramping, the Doppler shift caused by platform
motion f,. is canceled [28]. The Doppler shift A fy. = fqc — f»
is then estimated using an optimal estimator method [40], [41].

To estimate a two-dimensional sea surface current vector field,
we divided the entire image into M rows and N columns of
subimages. As depicted in Fig. 4, each subimage can calculate
the estimation result of a current vector field. In this case, the
subimage located atrow m and column n is expressed as I (m, n).

Each subimage has the same along-track speed s _,,, and
cross-track speed uy ., Of the sea surface current field at
subimage I(m,n), as shown in Fig. 5.
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I(m,n)
Fig. 6. Schematic of ocean current vector field.

For the entire image, the vector matrix of the 2-D current field
can be obtained and expressed as

Ug_ 1,1 Ux 1,N ]

Ux = (15)
| Uz_M,1 Ugz_M,N |
i Uy 1,1 Uy 1,N i

U, = (16)
_uy_J\I,l uy_]\l,N_

Because circular scanning SAR has the characteristics of
flying while scanning, the same area can be observed at different
azimuth angles with £ circle scanning data, that is, the subimage
I(m,n) can be irradiated several times, as shown in Fig. 6.

Therefore, we can obtain the Doppler shift estimation results
of the I(m,n) images f,, (o) at different azimuth angles.
After obtaining the Doppler shift, the following equation can
be obtained:

Fm,n = Am,n X bm,n + Nm,n~ (17)

In the subimage I(m,n), Fy n is the Doppler shift matrix
after CDOP correction, A, y, is the coefficient matrix, by, p, is
the matrix to be solved, and Ny, 5, is the noise matrix corre-
sponding to the DC estimation error. To ensure the consistency
of the noise term, each equation is normalized using the DC
estimation accuracy 07 (), defined as

Bn(@)Q
PRF+/Nyum

where B, () is the Doppler bandwidth, Nyum is the total number
of points involved in the Doppler spectrum calculation.

Fimn, Amn, and by, , are, respectively, expressed as (20)
shown at the bottom of this page,

5 () ~ 0.54 (18)
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bm,n
:[AR Ao AB Ay Awind Am Uy mp uyfm,n]T
(21)

Because there are several unknowns in by, 5, the least squares
method requires more equations to obtain accurate estimation
results. Fortunately, the slant range error and attitude errors of
the system can be regarded as constant within several cycles of
continuous revisit, and the wind field error can be regarded as
a fixed value within a large range (such as tens of kilometers).
That is, with the exception of AR, Aa, AS, Avy, Awind, and
Am, only Uy m,n and uy , , change with the subblock image.
Therefore, Ay, n can be divided into two submatrices A,lmn
and Aﬁlyn according to whether it changes with the subblock
image, which can be, respectively, expressed as (22) shown at
the bottom of the next page,

Sy mon(®1)
o5 (1)

T uaw_m.n (1)
05 (1)

A2 L= (23)

Pz mn(Pr) gy mon(Pr)
3r (k) o5 (k)

The overall matrix can be constructed, and the global op-
timization least squares can be calculated according to the
following equation:

F=Axb+N. 24

In the area where the wind field is regarded to have a constant
value, F is the Doppler shift matrix after CDOP correction, A
is the coefficient matrix, b is the matrix to be solved, and N is
the noise matrix

F=[Fi1;...;FmnN] (25)
A%,1 Ail 0]

A=| AL, o A2, 0 26)
AN O AN

b=[AR o B v Awind Am uz 11 Uy11

T
Uz_m,n Uy_m,n Uz _M,N uy_]\/I,N}

(27
The result can be obtained by the least squares method
b= (ATA)'ATF. (28)

Finally, we can rearrange s _y,.n and gy, , according to

Fun= fgm( (@;) , f’;n( (50;) (19)  the positions of m and n to obtain the final results Uy and Uy,
rivn Pk respectively.
Farmn(@)  Facmn@)  Fagmn(@1)  Faymn@1)  Foma@1)  oma(@1)  faemn(@1) Fuymn(@1)
3r (1) 3r(p1) dr (1) or (1) dr (1) 3r(p1) oy (1) oy (1)
Amn = : : : : : : : :
F'armn(@k)  facman(@r)  Fagmn(@r)  Favmn(@r)  Fomn@r)  foma@e)  fuemn(@e)  fuymn(er)
) 35 (k) ) Af(er) ) ) ) 55 (ok)

(20)
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Fig. 7. Flowchart of current field inversion method based on global optimiza-
tion least squares.

The flowchart of the current field inversion method based on
the global optimization least squares is shown in Fig. 7.

III. EXPERIMENTAL RESULTS AND ANALYSES
A. Circular Scanning SAR Data

In this section, our primary focus is to verify the effectiveness
of the proposed sea surface current field estimation method using
real data from airborne circular scanning SAR. The datasets are
SLC images from 23 circles obtained after deramping. These
datasets were obtained on January 11, 2016 at 00:00 UTC from
the Jiaodong Peninsula in China using an airborne circular
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TABLE I
SYSTEM PARAMETERS OF THE CIRCULAR SCANNING SAR

Parameters Values
Range resolution 13.26 GHz
Platform speed 58 m/s
Platform flight height 3000 m
Antenna scanning rate 26 °/s
Pulse repetition frequency 4000 Hz
Looking angle of beam center 60°
Antenna beam width 4.7°
Polarization HH
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Fig. 8. Imaging results related to the SAR data of 23 circles.

scanning SAR. The scanning area was located at longitude:
123.5° E and latitude: 36.7° N. The circular scanning SAR
system’s key parameters are listed in Table I. As shown in Fig. 8,
the imaging method of deramping was applied to compose 23
circles of echo data. The red box highlights several ships whose
speeds are higher than the current field speed; all other areas
(excluding the ships) represent sea surfaces. Fig. 9 is an enlarged

F'ar mn(®1)  Facm.n(e1)

' A m.n(Pr)

F'avmn(@1)  Fuomn(@1)  Fomon(e1)

) dr (1)

mmn ~

f'armn(®Pr)  Faam,n(Pk)

df(p1)

' ag_m,n(®r)

3r (1) df (1) of(p1)

(22)

oy mn(@r)  fwmn(Pr) o mn(Pr)

05 (er) 05 (er)

55 (oK)

) 55 (oK) 35 (oK)
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Fig. 9. Enlarged image of the red box in Fig. 8.

image of the red box. It shows the ships and the texture of the
water.

The actual sea current velocity is measured by a ground-truth
buoy located at 123.3014 E, 36.5157 N. The buoy measured
the current velocity in this area at 0.56 m/s, and the current
direction was 200°, with 0° indicating due north. Due to the
synergy of the ocean in the current field, buoy data can be used to
preliminarily evaluate the effectiveness of the proposed current
field estimation method.

We acquired the wind field data at the test site and time
(January 11, 2016, longitude: 123.5009° E, latitude: 36.72° N)
by querying meteorological reanalysis data from the European
Centre for Medium-Range Weather Forecasts website. The wind
speed was determined to be 9.51 m/s, with the wind direction
calculated as 7.005° south-east. As the experimental area was
relatively small in our airborne experiment, we considered the
wind field error to be fixed throughout the entire image.

B. Sea Surface Current Inversion

Following the steps proposed in Section II, we obtained the
imaging results for each circle in the circular scanning SAR data
and used the optimal estimator to obtain the 2-D Doppler shift
results for each circle. We then calculated the CDOP frequency
corresponding to each azimuth based on the supplied wind filed
parameters and subtracted it from the estimated results. Next,
we calculated each parameter in matrix A and performed the
least squares calculation. Finally, we compared and analyzed the
experimental results under six different conditions, where each
condition considered different error terms, as shown in Table II.

1) Experiment 1: Experiment 1 does not consider any errors,
and assumes that the estimated Doppler shift is caused by the
current field u, and u,,. Accordingly, (14) is expressed as

fdc:f/um .ul’—’_fl'll,y 'uy+Afdc- (29)

In this case, the matrix to be solved by, n contains only vy,
and uy_,, . Based on the same process, the result is shown in
Fig. 10.

2) Experiment 2: Experiment 2 only considered the nongeo-
physical term, that is

fdc:f/um'U’Z—’—f/uy.uy—"_f/AR'AR—i_flAa'Aa
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TABLE II
ERROR SETTINGS IN ABLATION EXPERIMENT
Ex- Non-g?- Wind- \’Ymd Correc- DC e.stlma-
. ophysi- . direc- . tion
peri- driven . tion
cal tion er- method
ment term term
term ror
1 Our method
2 N Our method
3 N N Our method
4 v N N Our method
ACCC be-
5 \/ \ \ y fore imag-
ing
6 N N N v Our method
+ f'ap - AB+ flay - A (30)

Based on the same process, the result is shown in Fig. 11.

3) Experiment 3: Experiment 3 considered the nongeophys-
ical and wind-driven terms. That is, the CDOP model is con-
sidered based on experiment 2. Therefore, (14) was changed to

f:f/um'uw+f/uy'uy+f/AR'AR+flAa'Aa
+ fap-AB+ f'ay - Ay

Based on the same process, the result is shown in Fig. 12.
4) Experiment 4: When the CDOP correction term f,, is not
considered, (14) is expressed as

f:flux'uw+f/uy'uy+f/AR'AR+fla'a+flﬁ'ﬁ
+ 1y v+ - Awind + Afye. (32)

(3D

Based on the same process, the result is shown in Fig. 13.

5) Experiment 5: To demonstrate that our proposed method
improves spatial resolution compared to previous methods and to
verify its efficacy, we conducted experiment 5. This experiment
estimated DC using the ACCC method without undergoing the
imaging process of matched filtering. We also considered all the
error terms used in experiment 6 and completed the calculation
using the same inversion procedures. Fig. 14 shows the estimated
current vector field as a result.

6) Experiment 6: When we considered all the mentioned
error terms, we calculated them according to (14). Fig. 15 is
the result of the estimated current vector field.

C. Experimental Analysis

Given the small radar coverage area, we can assume that the
current velocity within this area is consistent. As such, the east-
ward velocity, northward velocity, and current velocity obtained
from each experiment shown in Table III are the statistical values
for this area. In this study, we use a histogram statistical method
to calculate these values, taking the peak point of the speed
histogram as the statistical value. This approach helps to avoid
interference from outliers, such as ship speed, image middle,
and image edge. For Table III, the velocity estimation errors
and direction estimation errors are indicative of the difference
between the estimation results and buoy data. Our proposed
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Fig. 10.  Results of estimated current vector field in experiment 1: (a) Northward velocity, (b) eastward velocity, and (c) estimated results of the current vector
field.
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Fig. 11.  Results of estimated current vector field in experiment 2: (a) Northward velocity, (b) eastward velocity, and (c) estimated results of the current vector
field.
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field.
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field.
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TABLE III
ESTIMATED RESULTS OF THE CURRENT FIELD
. Northward Eastward Current | Velocity estimation | Current | Direction estimation
Experiment . . . . .

velocity velocity velocity error direction error
1 -1.52 m/s 90 m/s 61.7 m/s 61.14 m/s 269.03 ° 69.03 °
2 -1.72 m/s 0.018m/s 1.77 m/s 1.21 m/s 180.61 ° 19.39°
3 -1.05 m/s 0.66 m/s 1.32 m/s 0.76 m/s 212.12° 12.12°
4 -1.04 m/s 0.78 m/s 1.27 m/s 0.71 m/s 216.73 ° 16.73 °
5 -0.79 m/s 0.13 m/s 0.79 m/s 0.23 m/s 189.76 ° 10.24°
6 -0.68 m/s 0.21 m/s 0.63 m/s 0.07 m/s 203.16 ° 3.16°

method in experiment 6 demonstrates higher accuracy compared
to the classic ACCC method used in experiment 5. The velocity
error for experiment 6 is 0.07 m/s, and the direction error is
3.16°, which preliminarily verifies the feasibility of our proposed
method.

By comparing experiment 5 with other experiments, it can be
found that the spatial resolution of the current field inversion
results we proposed is higher. Experiment 5 shows that the pre-
vious method has a lower spatial resolution, and the resolution
of this method depends on the beam footprint. The azimuth
resolution is limited to the size of the azimuth angle in the beam
coverage area, whereas the range resolution is limited to the
size of the beam coverage area. That is, the spatial resolution in
Fig. 14is about 110 m x 755 m. Our method is obtained through
the optimal estimator method based on SLC images, and the
obtained spatial resolution of the current field is 27.6 x 5.9 m. In
addition, Fig. 9 shows that ships are present in the experimental
area and are moving faster than the current velocity. Compared to
Fig. 14, the current field results of the other five experiments can
show the position of the ship, as shown in the red box. Therefore,
without considering any errors, this method also significantly
improves the spatial resolution of two-dimensional current field
inversion. Moreover, compared with the results of experiment
5, the estimation error of experiment 6 is smaller, as shown in
Table III. Therefore, taking into account the same error term,
our proposed estimation method has more accurate estimation
results than previous methods.

In order to improve the estimation accuracy of current vector
fields (velocity and direction), we also considered various errors.
As shown in Fig. 10(b), without considering any error terms,
the eastward current field is in opposite directions on both sides
of the flight direction. After considering the attitude errors, as
shown in Fig. 11(b), the two sides of the eastward current field
obviously tend to be consistent. This is because attitude errors
are largely affected by azimuth angle, especially roll and yaw
errors, which have a cosine relationship with azimuth angle.
It is worth noting that due to the presence of forward-looking
and backward-looking situations in antenna scanning of circular
scanning SAR, in this case, the azimuth direction and range
direction are severely coupled, so there is no reference to the
position of the nadir.

The findings from experiments 3 and 4 demonstrate the inad-
equacies of using the CDOP frequency scaling method without
considering correction terms, as illustrated in Figs. 12(b) and
13(b), which present opposing eastward velocity directions on

either side of the flight path. Therefore, it is essential to consider
the correction terms of the CDOP model to rectify the errors.
After taking into account the correction term, the outcomes for
the eastward current field have been rectified, as demonstrated
in Fig. 15(b). In addition, according to Table III, the calculated
error for experiment 6 is significantly lower than that of the
preceding four experiments, which supports the notion that the
estimated outcomes become more precise with the increase in
the number of corrected errors.

The aforementioned experiments reveal significant values
in both the middle and on the sides of the image. The large
errors, particularly in the middle region, can be attributed to two
primary reasons. First, due to the poor imaging resolution near
the nadir, the current field inversion error is significant. Second,
the condition number of Ay, ,, in (20) is excessively large,
which happens as the azimuth angles of several observations
in the vicinity of the nadir are too close, nearly 0°. Furthermore,
there are two factors responsible for the significant error values
observed on both sides of the image. The first reason is the
record of scant data on either side of the image. The second
factor is the proximity of azimuth angles in these regions to 90°.
Consequently, the condition number of Ay, ;, is significantly
large, leading to errors in the inversion values on both sides.

IV. DISCUSSION

This article uses comparative experiments with different
methods to indirectly demonstrate the effectiveness of our
method and the necessity of considering various factors through
the continuity and self-consistency of the current field. The
validity of the experimental results was also directly verified by
the buoy data, but unfortunately, the buoy data in this experiment
are limited. There is only one buoy near the experimental area,
and the distance is relatively far, which leads to a certain lack
of proof power for verification. In the future, we will conduct
more measurements to further verify and improve our method.

Although circular scanning SAR has the advantage of a
large and wide observation, its inherent principle leads to the
use of forward-looking or backward-looking observations near
the nadir. The azimuth resolution of circular scanning SAR
during forward-looking and backward-looking observations is
very poor. In addition, when multiple observations are made to
invert the current field, the angle difference between the multiple
observations is close to 0° or 180°, which can cause the matrix
inversion step in the current field retrieval to have a too-large
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matrix condition number. This results in significant inversion
errors, so when using circular scanning SAR for large-scale
current field observation, it is necessary to use other sensors
to compensate for its observation defects in the nadir.

V. CONCLUSION

The sea surface current field is crucial and has a significant
impact on global climatic change and human activities. Velocity
and direction information are among the most valuable param-
eters in ocean research. Currently, the circular scanning radar is
a popular research topic in ocean current vector field inversion
due to its wide swath and multiangle advantages. Nevertheless,
existing methods directly use the phase difference of the echo
to obtain the current vector field, which results in relatively
low resolution. To overcome this limitation and achieve high-
resolution current field inversion, we propose a current vector
field inversion method based on circular scanning SAR.

This method achieves high spatial resolution inversion by
estimating the current field based on the Doppler spectrum of
SLC images. Furthermore, the inversion process considers the
impact of both attitude error and wind field error on the Doppler
shift. The global optimization method is applied to achieve
current field inversion and synchronization error estimation. We
verified the effectiveness of this method using airborne circular
scanning SAR data for current field inversion. Compared to the
ACCC method, the estimation method based on SLC images has
a higher spatial resolution and leads to a 28.5% improvement in
the accuracy of current field estimation. In addition, we found
that the CDOP model based on frequency scaling still contains
some limitations that need to be corrected.
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