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Abstract

Ocean currents are a key element in ocean processes and in meteorology, affecting material transport and
modulating climate change patterns. The Doppler frequency shift information of the synthetic aperture radar
(SAR) echo signal can reflect the dynamic characteristics of the sea surface, and has become an essential sea
surface dynamic remote sensing parameter. Studies have verified that the instantaneous Doppler frequency shift
can realize the SAR detection of the sea surface current. However, the validation of SAR-derived ocean current
data and a thorough analysis of the errors associated with them remain lacking. In this study, we derive high
spatial resolution flow measurements for the Kuroshio in the East China Sea from SAR data using a theoretical
model of shifts in Doppler frequency driven by ocean surface current. Global ocean multi observation (MOB)
products and global surface Lagrangian drifter (GLD) data are used to validate the Kuroshio flow retrieved from
the SAR data. Results show that the central flow velocity for the Kuroshio derived from the SAR is 0.4-1.5 m/s. The
error distribution between SAR ocean currents and MOB products is an approximate standard normal
distribution, with the 90% confidence interval concentrated between -0.1 m/s and 0.1 m/s. Comparative analysis
of SAR ocean current and GLD products, the correlation coefficient is 0.803, which shows to be significant at a
confidence level of 99%. The cross-validation of different ocean current dataset illustrate that the SAR radial
current captures the positions and dynamics of the Kuroshio central flow and the Kuroshio Counter Current, and

has the capability to monitor current velocity over a wide range of values.
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1 Introduction

The ocean current is an important form of seawater move-
ment. They affect the transport of material through the ocean and
have a significant impact on the formation and evolution of cli-
mate and weather patterns over the ocean and across the globe
(Klemas, 2012). Currents flowing towards high latitudes drive the
upward transport of water vapor, causing air humidity to in-
crease and precipitation to occur. In contrast, currents flowing
towards low latitudes have the reverse effect on temperature, in-
hibiting the upward transport of water vapor. The weak evapora-
tion associated with the latter currents means that precipitation
does not readily occur (He et al., 2020). The study of ocean cur-
rents provides an in-depth understanding of the interactions
between oceans, land, and atmosphere, and is necessary for early
warning of marine hazards.

Direct ocean current measurements have high accuracy but
limited spatial coverage due to their high cost. This makes it diffi-
cult to fully capture the temporal and spatial changes to ocean
currents, which are required in many applications. Numerous re-
mote sensing radar observations have shown surface signatures
that are related to the dynamics of the upper ocean at meso- and
submeso-spatial scales (Johannessen et al., 1996; Romeiser et al.,
2010; Liu et al., 2019; Moiseev et al., 2020). Altimeter, high fre-
quency radar, and synthetic aperture radar (SAR) measurements
provide important observations of ocean currents. Altimeter
measurements of sea surface flow have a wide spatial coverage
but a low spatial resolution (about 25 km), which means that they
cannot resolve small-scale dynamic ocean processes, and data
within 50 km of the coast are typically invalid (Krug et al., 2010;
Quilfen and Chapron, 2019). Measurements from high frequency
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radar typically cover areas within 400 km of the shore and it is dif-
ficult to obtain data for open sea areas (Essen et al., 2000; Han et
al., 2017). The Doppler frequency shift information of the SAR
echo signal can reflect the dynamic characteristics of the sea sur-
face, has become an essential sea surface dynamic remote sens-
ing parameter. Therefore, SAR has unique advantages that make
it an effective means of measuring sea surface flow. In addition,
SAR observations have high spatial resolution and wide spatial
coverage; measurements are available from multiple modes, and
can be made in all weather conditions (Lehner et al., 2002).
Studies of sea surface flow based on SAR data can be grouped
into two categories, one is the along-track interferometric SAR
(ATI-SAR) technology, the other is the Doppler frequency tech-
nology. The ATI-SAR method was proposed by Goldstein et al.
(1989) and has been validated for airborne (Graber et al., 1996;
Romeiser, 2005) and spaceborne (Romeiser et al., 2010; Liu et al.,
2019) SAR data. Acquisition of ATI-SAR data requires two along-
orbit antennas, separated by a specific distance, to receive com-
plex SAR images within a time difference of milliseconds. Detec-
tion of moving targets within the images then allows the current
velocity to be monitored. However, on the one hand, acquisition
of ATI-SAR data at present is subject to atmospheric interference
that affects the timeliness and coherence of images (Rio et al.,
2014; Yoshida and Rheem, 2015; Liu et al., 2019). On the other
hand, the sea surface current results retrieved from ATI-SAR data
still lack detailed result validation and analysis (He et al., 2020).
Many satellites equipped with SAR sensors have been launched,
and many researches are therefore focused on exploring new
technology and inversion techniques for retrieval of sea surface
flow from SAR measurements. SAR wave mode data have been
used to find the global sea surface Doppler velocity in a study that
also confirmed that the Doppler frequency shift is closely related
to characteristics of the local environment (Chapron et al., 2004).
A further study derived a relationship between the Doppler velo-
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city and sea surface wind speed, and proved theoretically that the
Doppler spectrum contains quantitative information about sea
surface flow (Chapron et al., 2005). One study used the Doppler
centroid anomaly method to derive the Agulhas flow from ad-
vanced SAR (ASAR) wide swath mode (WSM) images, and com-
pared it with measured buoy and altimeter data (Krug et al.,
2010). Sources of error in the inversion method used to derive
ocean current from SAR data have been pointed out and a cor-
rection for these has been proposed in Hansen et al. (2011a).
Subsequently, the inversion method has been used to derive
ocean current velocities in the Changjiang River (Yangtze River)
coastal zone (Wang et al., 2014b), in the Agulhas current zone
(Johannessen et al., 2008; Krug et al., 2010) and in the Norwegian
Sea area (Hansen et al., 2011b; Moiseev et al., 2020). Studies have
verified the feasibility of using SAR data to detect temporal and
spatial variations in surface current velocities. The SAR therefore
has an increasingly considerable role to play in quantitative stud-
ies of ocean surface current features. Doppler frequency informa-
tion has also gradually become an important remote sensing
parameter of sea surface dynamics. The development of the SAR
Doppler technology offers new possibilities to observe and mod-
el mesoscale and sub-mesoscale oceanic processes and sea sur-
face current phenomena (Johannessen et al., 2008; Mouche et al.,
2012; Wang et al., 2014b; Moiseev et al., 2020).

The Kuroshio is a fast-flowing, warm, and highly saline ocean
current and is an important component of the North Pacific sub-
tropical circulation system (Zhuang et al., 2020). The main flow of
the Kuroshio in the East China Sea (ECS) follows the steep edge
of the continental shelf (Fig. 1). A more detailed schematic rep-
resentation of the flow in and around the Kuroshio in the ECS
can be found in Qiu and Lukas (1996), Ma et al. (2009), and
Zhuang et al. (2020). The Kuroshio is an important circulation
system for China coastal seas. Seasonal and interannual vari-
ations in the Kuroshio also have a strong impact on regional cli-
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Fig. 1. Bathymetry of the East China Sea. The blue line is a schematic representation of the mean path of the Kuroshio, according to

Ma et al. (2009), Qiu and Lukas (1996), and Zhuang et al. (2020).
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mate.

Both the implementation of the International Strategic Plan
about the Kuroshio and the publication of Science Citation Index
Expanded (SCIE) research papers about the Kuroshio have been
analyzed (Zhang et al., 2017). The analysis results show that re-
search of the Kuroshio in the ECS has focused on the character-
istics of the temporal and spatial changes of the Kuroshio path,
the Kuroshio flow rate, the formation mechanism of the Kurosh-
io current and the heat transport associated with the Kuroshio
current. In recent years, numerical analysis and simulation have
been used to study the Kuroshio and model studies have resul-
ted in much progress (Guo et al., 2006; Qiu et al., 2020); however,
simulation results are strongly affected by fluxes at the open do-
main boundary. Steep submarine topography and strong baro-
clinicity in the Kuroshio make it difficult to calculate the seabed
topography and pressure gradient force precisely (Jia et al., 2013;
Qiu et al., 2020). Marine remote sensing technology has provided
abundant high-resolution images and analysis methods that can
be used to study the Kuroshio in the ECS. Integrating data from
Argo floats with satellite altimeter data give a time-series of sea
surface velocities for the Kuroshio and adjacent regions (Ma et
al., 2009), and data for the Kuroshio central flow show that the
mean current speed increases gradually from 0.65 m/s south of
Kyushu to 1.45 m/s off Enshu-nada (Ambe et al., 2004; Deng et
al,, 2015). Altimetry provides an indirect (geostrophic-based)
measurement of the sea surface flow. However, at the Kuroshio
region in the ECS, the main body of the Kuroshio current is relat-
ively stable and follows closely along the steep continental slope
due to the topographic constraint (Zhuang et al., 2020), which
makes it very difficult for altimeters to accurately capture the
mean flow dynamic from sea level anomaly measurements (Krug
et al., 2010). While SAR measurements have the capability to
provide a direct observation of the Kuroshio surface current in
the radar range direction on spatial scales from 2 km to 10 km,
which is better than the ocean currents measured by altimeter on
a spatial resolution of 25 km (Wang et al., 2014b). Satellite EN-
VISAT advanced synthetic aperture radar (ASAR) data cover a
long time period, and include multi-mode images with reliable
quality, which are helpful for studying the structure and trans-
port characteristics of ocean currents. The capability of ENVISAT
ASAR data studying the ocean current velocities has been
demonstrated (Chapron et al., 2005; Johannessen et al., 2008;
Wang et al., 2014b). However, the inversion of ocean currents
based on the Doppler center shift method requires specific ana-
lysis of ocean phenomena of different scales at different spatial
resolutions. The error of ocean current observations largely de-
pends on the temporal and spatial scales of the ocean currents
measurement. At present, the verification of the SAR ocean cur-
rent inversion results is still insufficient. The cross-validation of
different ocean current products from remote sensing data and
the analysis of the inversion results still lack comprehensive dis-
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cussion and research (He et al., 2020). Therefore, we begin by
calculating the radar Doppler center frequency, then separate
out the components of Doppler frequency caused by non-ocean
currents, and construct Doppler centroid frequency anomaly al-
gorithm of ocean current to derive the radial Doppler surface
current of the Kuroshio in the ECS based on the ENVISAT ASAR
data. Following this, we finally carry out a detailed accuracy as-
sessment and sensitivity analysis for the radial velocity derived
from the SAR imagery. This work will promote and contribute to
improvements in the monitoring of ocean currents using SAR
data, and will result in a complete time-series of ocean current
data useful to studies of the variability and impacts of the Kur-
oshio. Data from this work will also provide useful boundary con-
straints for future analyses of the mechanisms that drive the
formation and development of the Kuroshio.

The structure of this paper is as follows: in Section 2, the SAR
imagery and the data used for validation, accuracy assessment,
and sensitivity analysis are introduced; and the algorithm for cal-
culating anomalies in the Doppler frequency is described; in Sec-
tion 3 the Doppler centroid frequency and radial Doppler velo-
city calculated for the Kuroshio are presented; in Section 4, we
present an accuracy assessment and sensitivity analysis for the
current SAR measurements; and in Section 5, we present our
conclusions.

2 Data and methods
2.1 Data

2.1.1 SARdata

We use ASAR WSM mode C-band (5.3 GHz) images, acquired
at an incidence angle between 16° and 43°, with a wide spatial
coverage of approximately 420 km?. A total of 2 ascending and 6
descending ASAR WSM images, acquired over the Kuroshio in
the ECS, were obtained from the European Space Agency and are
used to derive the surface radial Doppler velocity (Table 1 and Fig. 2).

Doppler centroid estimation is a key element to our SAR data
processing. The grid of Doppler centroid frequencies has dimen-
sions corresponding to the sensor range and azimuth direction
(Table 1). The change in frequency with range direction depends
on the satellite attitude and on how closely the ground footprint
is related to the range; there are usually 100 grid cells in the range
direction. The change in azimuth direction accounts for the relat-
ively slow change in satellite attitude as a function of time. The
normalized radarcross section (NRCS) of the ASAR WSM ascend-
ing scene over Kuroshio in the ECS on 26 July 2007 and descend-
ing scene on 28 May 2008 are presented in Fig. 3.

2.1.2 Ocean current validation data
Global ocean multi-observation (MOB) products (http://mar-
ine.copernicus.eu), MULTIOBS_GLO_PHY_REP_015_004, with

Table 1. ENVISAT advanced synthetic aperture radar (ASAR) wide swath mode (WSM) products description

Acquisition time (UTC) Polarization Doppler centroid numbers (range by azimuth) Orbit Track Pass
2007-07-26 13:29:03 \%\% 100x115 28249 139 ascending
2007-11-13 01:22:38 \'AY% 100x70 29816 203 descending
2007-11-29 01:19:42 \'AY% 100x70 30045 432 descending
2007-12-02 01:25:27 \'A% 100x70 30088 475 descending
2007-12-18 01:22:36 \'AY% 100x70 30317 203 descending
2008-01-31 01:39:52 \'AY% 100x70 30947 332 descending
2008-05-28 01:31:19 HH 100x54 32636 017 descending
2011-08-02 13:19:29 \'A% 100x67 49277 125 ascending
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Fig. 3. The synthetic aperture radar (SAR) normalized radarcross section (NRCS) image on July 26, 2007 (a), and May 28, 2008 (b).

(1/4)° horizontal resolution and two vertical levels (surface and
15 m), are the sum of the geostrophic and Ekman components of
the surface and near-surface current. Data from Argo floats from
2001 to 2007 are used to estimate the accuracy of the surface
products. The root mean square error (RMSE) values for the zon-

al and meridional surface velocity products are 0.146 m/s and
0.147 m/s, respectively, and the correlations between these
products and the Argo float data have R? values of 0.82 and 0.73,
respectively. One of the MULTIOBS_GLO_PHY_REP_015_004
products, “Dataset-uv-rep-hourly”, includes the three hourly
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zonal and meridional velocity fields and has been shown to be
highly accurate (Rio et al., 2014). MOB products have wide spa-
tial coverage, are readily accessibility, and have high data quality,
and have therefore been important for verifying the accuracy of
satellite-derived estimates of surface current velocity (Chapron et
al., 2005; Krug et al., 2010).

Global surface Lagrangian drifter (GLD) data are ocean cur-
rent velocities calculated from position information recorded by
drifting buoys. They are stored at the Drifter Data Assembly Cen-
ter at NOAA’S Atlantic Oceanographic and Meteorological Labor-
atory (https://www.aoml.noaa.gov/envids/). Data are processed,
quality controlled, and optimally interpolated (via kriging) to
uniform 6-hourly intervals and then made publicly available.
Hourly drifter data were released on 18 July 2019 (Version 1.03)
and are a subset of the 6-hourly data. To select buoy data to com-
pare to a SAR velocity for validation, buoy data were required to
be recorded within 12 h and 24 h of the SAR acquisition time, and
to be within a 5-km radius of the SAR image location. Velocity
from the closest of these selected buoy data points was used for
comparison with the SAR velocity. A total of 17 collocations with-
in 12 h and 162 collocations within 24 h in the study were identi-
fied to validate the SAR velocities (Fig. 2).

2.2 Methods

We use the Doppler frequency shift theory in our inversion
method for deriving the surface current from SAR imagery. This
involves first removing contributions from the Doppler centroid
frequency f},. that are attributable to factors other than ocean
surface currents. Values for f;,_ are calculated from the echo sig-
nal at the satellite using the Doppler centroid method and so in-
clude the Doppler frequency f;,,, caused by the relative motion of
the satellite and the Earth, which must be removed. The Doppler
centroid frequency of the sea surface echo also includes the Dop-
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pler frequency shift attributable to sea surface motion other than
surface currents, such as gravity wave motion, orbital wave mo-
tion, Stoke’s drift, and nonlinear hydrodynamic effects between
waves; these contributions also need to be removed. After remov-
ing the above effects, the remaining Doppler frequency shift £, is
attributable to the overall movement of the seawater and the ra-
dial velocity of the surface current can be calculated. Figure 4
shows the above steps in a flow chart.

2.2.1 Original Doppler frequency anomaly (fp,,)

A grid of Doppler centroid frequency values f;,. is provided for
ASAR WSM data with the ASAR WSM level-1b products. Four
functions from the ENVISAT CFI software libraries (pl_emjd,
pp_init_attitude_file, pp_get_attitude_aocs, and pp_target) are
called to calculate f;,, and to obtain the geographical footprint
location (Wang et al., 2014a). Original Doppler frequency anom-
aly, fp, is defined as f, minus f;,, and is attributable to the
combined action of near surface wind on shorter waves, longer
wave motion, wave breaking, and surface currents. To identify
the part of the anomaly attributable to ocean currents, f;,., must
be separated into components attributable to different contribut-
ing sources.

2.2.2 Geophysical Doppler frequency anomaly (f,)

The estimation errors f,,, such as the azimuthal variation of
NRCS, antenna mispointing and strong discrete targets, that con-
taminate the geophysical Doppler shift information, must be
eliminated first. This error correction is carried out by finding the
linear relationship between the azimuthal gradients of backscat-
ter variation in a single Doppler frequency grid and gradients of
Doppler centroid anomaly along azimuth over land cover (Chap-
ron et al., 2005; Johannessen et al., 2008; Hansen et al., 2011a;
Mouche et al., 2012; Wang et al., 2014b).
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Fig. 4. Flow chart of the inversion method for calculating ocean current from synthetic aperture radar (SAR) data based on Doppler

frequency theory.
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The sea surface wind contribution to the Doppler frequency
comes mainly from wave orbital motion, but first order effects
also include Ekman drift and Stoke’s drift (Johannessen et al.,
2008; Hansen et al., 2011a). Accurate estimation of the sea sur-
face wind vector is essential for calculation of the wind-induced
Doppler frequency, f,,. The wind vector that is derived from in-
version of the SAR image has high precision and matches per-
fectly in space and time with the ocean current monitoring data,
since it is derived from the same SAR image (Lin et al., 2008).
Wind direction is derived from SAR images using 2D fast Fourier
transforms and the 180° directional ambiguity are removed ac-
cording to the blended sea winds dataset (Wang et al., 2014a).
These blended winds are obtained from blending observations of
multiple satellites at the National Center for Environmental Pre-
diction (NCEP) and reanalysis 2 products from the European
Centre for Medium-range Weather Forecasts (ECMWF) (https://
www.ncdc.noaa.gov/data-access/marineocean-data/blended-
global/blended-sea-winds). Wind speed is retrieved using a C-
band model (Wang et al., 2014a). An empirical geophysical mod-
el function (CDOP) was employed to calculate the wind-induced
Doppler shifts contribution f, to the SAR Doppler center fre-
quency. And the f,, depends on the wind speed, radar incidence
angle, polarization, and wind direction with respect to radar look
direction (Mouche et al., 2012), and then remove it from f;, .

Following the two-scale microwave scattering model, simu-
lated ocean waves include large-scale fundamental waves and
small-scale gravity waves, which, for incident radar waves, gener-
ate specular reflection and Bragg scattering, respectively. The
radar sea surface echo is mainly modulated by Bragg scattering,
and the spatial resolution of ENVISAT ASAR WSM data is too
coarse to identify large-scale waves, so the contribution to the
Doppler shift from Bragg scattering fi,, can be obtained from the

relationship between gravity waves and dispersion (Toporkov
1

and Brown, 2000; Li et al., 2020), f;, = j:z— \/28oksin 6, where g,
28

is the acceleration of gravity (m/s2); k denotes the radar incident

wave number (m-1), and € is the incident angle. And then, the
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geophysical contribution to the Doppler frequency anomaly, f,,
can then be found from the following equation:

ﬁg :chafﬁerr 7fw 7]%- (1)

2.2.3 Radial doppler velocity (V)

The radial Doppler velocity calculated from the geophysical
Doppler frequency anomaly is assumed to be a measurement of
the radial surface velocity, according to:

va=-Th_ ¥ @

do

where k, is the electromagnetic wavenumber, which is 112 m-!
for the ENVISAT ASAR instrument, and f, is related to the spatial
mean of the range component of the sea surface scattering ele-

ments, V,, weighted by the local normalized radar cross section
(NRCS) 6.

3 Results

3.1 Doppler centroid frequency

The Doppler centroid frequencies, f;,., determined from an
ascending SAR scene on July 26, 2007, and from a descending
scene on May 28, 2008, are presented in Fig. 5. Modem-phased
antenna arrays are subject to variations in azimuth angle
throughout the subswath and jumps in the Doppler centroid fre-
quency are clear at subswath boundaries in Fig. 5 due to this act-
ive antenna behavior.

Taking the Doppler frequency anomaly for the SAR image on
July 26, 2007 as an example, the root mean square (RMS) for f;,,
is 17.70 Hz after f,, has been removed. After removal of £,,, f;, and
Jorp the RMS for the Doppler frequency anomaly for this image re-
duces to 16.42 Hz and 14.32 Hz, respectively. As for the Doppler
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Fig. 5. The Doppler centroid grid f;,. (a), Jop (b) and f;,, (c) from ascending SAR scene on July 26, 2007; and f;,, (d), Jop (e) and fp, (f)

from SAR descending scene on May 28, 2008.
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frequency shift over land, the mean Doppler anomaly is reduced
from 20.1 Hz of the raw Doppler anomaly to 9.7 Hz after the error
correction. Because of the strong azimuthal NRCS gradients,
there are still absolute values of Doppler frequency anomaly
greater than 30 Hz over land, even after the error correction. The
mean value is further reduced to 6.3 Hz after invalidating these
absolute values larger than 30 Hz. The other images are pro-
cessed in the same way and the RMS values calculated for the
Doppler frequency anomalies are shown in Table 2.

There is a large spread in the values calculated for f, over Ok-
inawa island, where the Doppler frequency is expected to be zero
(Fig. 6). Much of the variability in f, here is due to NRCS gradient
in the azimuth direction, which is within the estimation area for
the Doppler centroid grids.

3.2 SARradial velocity

Figure 7a shows V, in the ECS derived from the ascending,
right-viewing SAR scene on July 26, 2007. Areas of the Kuroshio
where V, > 0 correspond to yellow, red, and black in Fig. 7a,
showing that surface velocities are directed away from the satel-
lite projection line, that is the central flow of the Kuroshio is me-
andering to the east/northeast along the Okinawa Trough. The
velocity range is between 0.5 m/s and 1.0 m/s. V, is interpreted to
be the radial component of the true surface current, and thus Fig. 7a
shows that the Kuroshio is not a single jet with broad uniform
flow in the upstream direction. The current meanders with west-
erly and southwesterly flow reversals (V, < 0, blue and purple in
Fig. 7a) at (26.8°N, 127.2°E), at (27.4°N, 127.6°E), and at (27.8°N,

Table 2. The RMS variation of Doppler frequency
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127.8°E). This is the Kuroshio Counter Current (KCC), which has
avelocity range of 0.2 m/s to 0.6 m/s.

Figure 7b shows V; derived from the descending, right-view-
ing SAR scene on May 28, 2008. Since these are derived from a
descending SAR image, areas of the Kuroshio with V,; < 0 are yel-
low, red, and black in Fig. 7b, corresponding to a surface current
directed towards the satellite flight projection line, that is the
main flow of the Kuroshio is meandering to the east/northeast
along the Okinawa Trough. The direction of the central flow of
the Kuroshio that is derived from this image is consistent with
that derived from the July 26, 2007 image, and the most of the ve-
locities derived from this image are between 0.4 m/s and 1.2 m/s.
Similarly, the current meanders found for the ascending image
can also be seen here at approximately (27.0°N, 127.8°E), (26.6°N,
127.4°E), (26.2°N, 126.8°E), and (26.2°N, 127.4°E), where green
and blue in Fig. 7b show V; > 0, corresponding to a westerly or
southwesterly flow in the descending image. The derived velocit-
ies for this counter flow in the image range from 0.3 m/s to 0.5 m/s.
The results of the inversion for the descending SAR scene on May
28, 2008 clearly show the KCC and are consistent with the results
for the July 26, 2007 scene.

4 Discussion

4.1 SAR radial velocity comparisons with MOB and GLD

To validate the sea surface flow characteristic obtained using
SAR Doppler theory, we projected the MOB products and GLD
data onto the SAR radial current direction.

RMS for the Doppler frequency anomaly/Hz

Acquisition date for SAR scene Joe . ot fg
Jul. 26, 2007 97.56 17.70 16.42 14.32
Nov. 13, 2007 109.55 15.80 14.80 13.65
Nov. 29, 2007 104.56 10.72 10.12 9.26
Dec. 2, 2007 110.13 15.53 14.49 13.41
Dec. 18, 2007 113.64 16.27 14.97 13.03
Jan. 31, 2008 112.58 9.22 8.51 5.91
May 28, 2008 101.89 12.25 11.80 10.82
Aug. 2, 2011 89.44 18.42 16.48 14.22
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Fig. 6. The geophysical Doppler frequency anomaly f, on July 26, 2007 (a), and on May 28, 2008 (b).



142

125°  126°  127°  128° 129°E
300 F @ rgw
N S
290 | ' r JE 10
e 0.8
. ) 06
280 + B .-'ﬂ 0.4
' a 0.2
0
27° ™ el oE
2 " ). -0.2
2 A 04
2w |5 "L L -0.6
= # 0.8
=) i
E o ‘ -1.0
2 . ,
25° = ¢ direction
W cm\%/r

Vy/(m-s™)

Wang Lihua et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 12, P. 135-147

125 126°  127°  128°  129°E
——r . T
290 nge dlrectio,] 10
N 038
0.6
28 0.4
02 o
27° 0o g
-02 =
-0.4
26° -0.6
-0.8
-1.0
25°
N
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The SAR surface radial currents found for July 26, 2007 and for
May 28, 2008 were compared with the MOB products (Figs 8a
and b). Both the SAR currents and the MOB products capture the
direction and intensity of surface currents in the Kuroshio region
and the two data sets are in good agreement (Figs 8a and b). In
the center of the Kuroshio and in the KCC regions, the SAR flow
direction is consistent with the MOB products, and is towards the
northeast. The central flow velocity of the Kuroshio is high and
the radial characteristics are clear. As a branch of the Kuroshio
central flow, the KCC begins to turn around at (27.6°N, 127.8°E)
and gradually turns to the southwest in the SAR-derived data,
which coincides with the southwest counter current seen in the
MOB products.

To illustrate in more detail how SAR scenes can be used to

monitor ocean currents, transects from the central flow of the
Kuroshio (the solid blue line in Figs 8a and b) and from the cen-
ter of the KCC (the solid orange line in Figs 8a and b) are selected
and compared with MOB data in Figs 8c and d. The spatial resol-
ution of the SAR radial velocity is 8 km in the azimuth direction
and varies from around 9 km for the near-range to around 3.5 km
for the far-range in the range direction. The spatial resolution of
the MOB products is 0.25° (approximately 25 km), which is signi-
ficantly coarser than the SAR data (Figs 8c and d). There are clear
differences between the intensity of the flow derived from the
SAR data and in the MOB products. On July 26, 2007, the central
flow velocity for the Kuroshio derived from the SAR data has a
wide range of values, from 0.4 m/s to 1.5 m/s, while the MOB
products report a narrower range of 0.5 m/s to 0.6 m/s (Fig. 8c).
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The range of velocities derived for the KCC from the SAR data is
0.2 m/s to 0.6 m/s, while the MOB velocities range from 0.2 m/s
to 0.5 m/s (Fig. 8d). On May 28, 2008, the central flow velocity for
the Kuroshio from the SAR data is generally between 0.5 m/s and
1.5 m/s, while the MOB velocity range is more concentrated, and
is generally between 0.5 m/s and 0.6 m/s, similar to the results for
July 26, 2007 (Fig. 8c). Between around (27.2°N, 127.8°E) and
(26.2°N, 126.4°E), the central flow of the Kuroshio begins to
branch and gradually turns to the southwest, forming the KCC.
Velocities derived from the SAR data, and reported in the MOB
products are concentrated between 0.2 m/s and 0.3 m/s (Fig. 8d).

According to the MOB products on July 26, 2007 (Fig. 8a), the
surface currents flow towards the northeast at speed of 0.4-0.5 m/s
at approximately (26°N, 129°E). However, the SAR-retrieved velo-
cities are low, 0.05-0.20 m/s, which are related to the corres-
ponding low radar backscatter intensity (Fig. 3a). The inconsist-
encies in the measurements are probably that MOB product has
coarse resolution, while high resolution SAR has advantages of
resolving smaller scale current variations. Also, the SAR Doppler
frequency is modulated by the effects related to wind-wave-cur-
rent interactions (Johannessen et al., 2008; Krug et al., 2010;
Mouche et al., 2012; He et al., 2020). In addition, the interaction
between underwater topography and current, could affects the
convergence and divergence of the sea surface current, in turn,
takes an effect on the sea surface current retrieval from SAR. The
main reason for these large inconsistencies is probably that the
ocean current velocity detected by SAR is the ocean current radi-
al velocity, it is not sensitive to the azimuth velocity. The ocean
current velocity at this location is more concentrated in the azi-
muth direction, which is not conducive to SAR detection. There-
fore, the value of SAR detection is low. The SAR scene on May 28,
2008 is a descending orbit image. Thus, the SAR sensor is on the
right side of the image. According to the MOB products, the cur-
rent direction is northwest/west at (28°N, 129°E), so the SAR cur-
rent should be positive. Yet, the retrieved SAR current shows neg-
ative V, in green to yellow (Fig. 8b). The velocities of ocean cur-
rent flow at this location fluctuate between 0.2 and -0.2, the value
is small. Therefore, the error of the Doppler frequency shift may
cause a change in the sign of the SAR ocean current, in turn, an
inconsistency occurs between SAR result and MOB product. In
addition, this area is exactly at the position where the direction of
the ocean current changes, the Doppler frequency and the SAR
radial current are subject to many factors such as satellite mo-
tion, wind and waves, which result in the uncertainty of SAR
ocean current (He et al., 2020).

The statistical error associated with the radial current derived
from eight SAR scenes was found through comparison with the
MOB products and is shown in Fig. 9a. The number of matched
samples is 1 888. The error distribution is an approximate stand-
ard normal distribution, with the 90% confidence interval con-
centrated between -0.1 m/s and 0.1 m/s. The standard deviation
is 0.275 m/s. A few outliers negatively impact the overall perform-
ance of the retrieval method for surface current velocities from
SAR data. The number of matched samples that correspond to an
absolute error exceeding 0.5 m/s is 142, which is 7.5% of the total
number of matched samples. Careful manual inspection shows
that these outliers are mainly located on Okinawa Island, orin a
10 km buffer zone around it, and could therefore be attributed to
high radar backscatter variability within the azimuth beam width
of the SAR antenna. The statistical errors found by comparing the
radial current velocities derived from the 8 ASAR scenes with the
GLD range velocities are shown in Figs 9b and c. From 162 col-
located data points within 24 h of the SAR acquisition time, con-
centrated in the Kuroshio region in the ECS, the RMSE is 0.186
m/s. When the ocean current velocity is in the range of 0.4—0.7
m/s, the SAR retrievals are smaller than the GLD products. There
are two possible reasons for the underestimation of SAR ocean
current. First, the influence of sea surface wind, Bragg scattering,
the offset of the backscattering coefficient in a single Doppler
pixel and other factors were fully considered. The correction of
these factors may cause over-correction of Doppler frequency
shift, which is probably a main reason (He et al., 2020). Second,
in the process of SAR remote sensing ocean current monitoring,
the calculation of Doppler frequency is affected by many factors
such as satellite motion, complex sea surface scatter, and com-
plex wind-wave interaction. All these factors need to be con-
sidered, which could cause errors in the calculation (Chapron et
al., 2005; Johannessen et al., 2008; Wang et al., 2014b; Moiseev et
al., 2020). As demonstrated in Fig. 9c, the result of the comparis-
on between SAR ocean current velocities and GLD products has
improved, with the RMSE reduced from 0.186 m/s to 0.148 m/s,
after shorting the time window to 12 h. However, it is undeniable
that the available collocated data points have also been greatly
reduced from 162 to 17. From the overall comparative analysis,
the correlation between the SAR-derived and GLD data, the r2
value is 0.803 at the time window of 24 h, when the time is lim-
ited to 12 h, the r? value is 0.889. The ¢-test shows both of the cor-
relation coefficients are significant at a confidence level of 99%.
We therefore state that ocean current velocities retrieved from
SAR imagery have a high accuracy and have the potential to fully
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capture the current flow dynamics (Chapron et al., 2005; Krug et
al., 2010; Hansen et al., 2011b).

4.2 Kuroshio characteristics in the ECS

The Kuroshio is a large-scale, stable seawater flow. The im-
age mosaic for the SAR-derived current reveals the characterist-
ics and structure of the Kuroshio (Fig. 10). V; > 0 m/s from the as-
cending, right-viewing SAR scene (on 26 July 2007 and 2 August
2011) corresponds to the surface velocities away from the satel-
lite sensor, whereas V; < 0 m/s from the descending, right-view-
ing SAR scene (28 May 2008) indicates a flow towards the sensor.
That is the main flow of the Kuroshio is meandering to the
east/northeast along the Okinawa Trough. The velocity for the
Kuroshio derived from the SAR is 0.1-1.5 m/s, which shows that
the SAR has the capability to monitor current velocity over a wide
range of values.

Figure 10 clearly shows that the path of the Kuroshio closely
follows the steep edge of the continental shelf. The left side of the
Kuroshio flow meets the outer edge of the continental shelf,
where the water depth is 100-300 m, and the right side of the flow
meets an area of sloping seabed uplift (Qiu and Lukas, 1996; Jia et
al., 2013; Zhuang et al., 2020). The axis of the Kuroshio central
flow is adjacent to both the continental shelf and the slope,
where water depth increases sharply and the seabed terrain is
steep. At around (28°N, 126.5°E), where the water depth changes
from 300 m to 500 m, and from 500 m to 1 000 m, the horizontal
distance across the Kuroshio is just 2 km and 5 km, respectively
(Fig. 10). This demonstrates that the changes in the flow of the
Kuroshio are strongly constrained by underwater terrain (Guan,
1979; Deng et al., 2015). Around 30°N and 128°-129°E, the Kur-
oshio current detaches from the continental slope and veers to
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the east.

4.3 Sensitivity analysis for SAR radial velocity

The SAR data are processed on the basis that the Doppler
centroid frequency provides the best possible signal-to-noise ra-
tio and has high azimuthal resolution. In terms of radar echo sig-
nal reception, the Doppler centroid dataset f, released with the
ASAR WSM product includes the baseband Doppler centroid fre-
quency, not the absolute Doppler frequency, which would be
higher (European Space Agency, 2007).

The value of f;,,, generated by the relative motions of the
satellite and the Earth, is key to the inversion method used to de-
rive surface current velocities from SAR. Electronic mispointing,
inaccurate satellite orbit and attitude parameters (yaw, pitch, and
roll), areas of low signal-to-noise ratios, and scenes that include
some particular targets (for example, strong backscattering ob-
jects), can all introduce a bias to the values calculated for f;, , and
any bias would be carried into the calculations for f;,, and f,.

The complex motion of sea surface waves is another poten-
tial source of error that may affect the accuracy of retrieved sur-
face current velocities. If we assume the dual-scale microwave
scattering model, then the sea surface is composed of small-scale
irregular waves superimposed on large-scale waves. The echo
scattered from the sea surface is mostly accounted for by Bragg
scattering from small-scale waves, modulated by large-scale
waves (He, 2000). The effect of Bragg scattering on the Doppler
frequency varies with the SAR incidence angle, and for ENVISAT
ASAR images this results in a contribution to the Doppler fre-
quency of between 3.9 Hz and 6.2 Hz. In addition to Bragg scat-
tering, there are tilt-, hydro- and aero-dynamic effects that mod-
ulate the scattered signal and these can also generate shifts in the
Doppler frequency.
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When a strong Doppler signal passes through the radar an-
tenna lobe, the NRCS gradient across the imaged scene means
that the signal from the brightest part of the scene will contribute
disproportionately to f;,, (Chapron et al., 2005; Wang et al.,
2014a). This effect is more pronounced when the NRCS varies
significantly within the width of the SAR azimuth beam as occurs,
for example, when SAR images are acquired over land-water
boundaries as seen in Fig. 5. Values for f, may therefore be dis-
torted by the relatively stronger or weaker intensity of the signal
away from the center of the radar beam. In this study, there is a
strong NRCS gradient around the sea-land interface along the
edges of the Okinawa Trough and values for f, are very high in
that area, generally between + 70 Hz and + 80 Hz (Fig. 6). These
values correspond to radial Doppler velocities ranging from
1.96-2.24 m/s, and so values retrieved for V, in that area are
highly uncertain.

The radial Doppler velocity is the latitudinal component of
the real current vector, relative to the azimuth direction for the
SAR image. The surface current derived from SAR data therefore
corresponds to the real current velocity, but is smaller, and this
difference depends strongly on the radar incidence angle. At low
incidence angles, returned radar echoes are stronger and more
sensitive to larger and faster roughness elements (Krug et al.,
2010), which leads to an increased contribution to the measured
velocity from vertical components. The strong relationship
between wind intensity and short-period waves means that, as
the incidence angle decreases, the relative influence of wind on
the Doppler anomaly increases (Krug et al., 2010). Previous stud-
ies have found a sudden increase in the Doppler velocity error for
SAR data when the radar incidence angle decreased below 30°. At
radar incidence angles greater than 30°, the radial current velo-
city retrieved from SAR data approximates the true current more
closely (Wang et al., 2014a). The radial Doppler current derived
from SAR data reflects the trends and intensity of the current
movement, but it cannot fully capture the flow direction. This is a
consequence of the single directivity of the Doppler frequency shift.

Numerical simulation experiments show that obtaining high-
precision surface current velocity from SAR images requires an
accurate sea surface wind to be input (Mouche et al., 2012). A
blended sea surface wind field, derived from a combination of
U.S. National Center for Environmental Prediction (NCEP) and
European Centre for Medium-range Weather Forecasts (ECM-
WF) products, is compared with the wind field retrieved from the
SAR data using a 2D fast Fourier Transform and the CMOD4
model. The comparisons show that the RMS for the SAR-derived
wind direction is 8°, and for wind speed the RMS is 1.0 m/s. The
maximum error in SAR radial velocity that could be driven by
these errors is about 0.1 m/s (Wang et al., 2014b). If inaccurate
sea surface wind direction is input to the CDOP model, it leads to
large errors in the retrieved SAR range velocity and significantly
reduces the inversion accuracy (Chapron et al., 2005; Krug et al.,
2010; Wang et al., 2014a). Retrieval of the sea surface wind field
from the SAR image itself is therefore helpful for improving the
accuracy of the SAR radial velocity.

The SAR imaging geometry is very important to the quality of
the Doppler retrievals, particularly the surface velocity retrieval
(Wang et al., 2014a). The satellite track angle for the descending
ASAR image is about -13° (13° counterclockwise from north),
which shows that the observed current direction is northwest-
southeast. The satellite track angle for the ascending ASAR im-
age is about -167°, corresponding to a northeast-southwest sur-
face current direction. This direction is consistent with the cent-
ral flow direction for the Kuroshio and KCC. The Kuroshio is ori-
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entated in the range direction for the ascending image, and its
location corresponds to a high radar incidence angle. This makes
the ASAR imaging geometry for the ascending track particularly
appropriate for Doppler monitoring of the Kuroshio, and makes
it suitable for capturing the spatial characteristics of the surface
current.

In summary, surface radial current retrieved from SAR data
using the Doppler centroid anomaly depends on the wavelength,
incidence angle, and polarization mode of the radar instrument,
and is modulated by sea surface winds, waves, and currents,
which result in the SAR retrieved ocean current uncertainty.
However, the Doppler frequency anomaly method represents a
direct measure of sea surface current. So, it can provide an in-
stantaneous and clear line-of-sight Doppler frequency shift. Also,
it further confirms that the SAR scene contains quantitative
ocean current information. The mean Doppler frequency shift of
the ocean surface echo signal corresponds to a power-weighted
mean line-of-sight velocity of the scatters (Romeiser and
Thompson, 2000). Compared with the SAR backscatter coeffi-
cient, the Doppler frequency shift contains more sea state in-
formation, which can reveal the sea surface dynamics and ex-
plain some of the internal mechanisms of the sea surface motion.
Therefore, the Doppler frequency can significantly complement
SAR backscatter measurements and help to determine the quant-
itative relationship between complex surface roughness patterns
and upper ocean dynamics. Moreover, Doppler frequency meth-
ods can be used to investigate mesoscale sea surface dynamics,
SAR signal characteristics and local environmental conditions
(Krug et al., 2010; Moiseev et al., 2020). These methods and find-
ings presented here will be helpful for construction of an ocean
current time-series, and it can provide boundary data to study
formation and development mechanisms of the Kuroshio in the ECS.

5 Conclusions

In this work, we have used the theoretical model of Doppler
frequency to estimate ocean surface current with a high spatial
resolution from SAR data. We retrieved surface current proper-
ties from SAR data for the Kuroshio and the Kuroshio Counter
Current and compared these with global ocean multi-observa-
tion products and global surface Lagrangian drifter data, show-
ing that the radial current retrieved from SAR image scenes per-
forms well. Our results show that radial current derived from SAR
images can be used for monitoring ocean current velocities over
a wide spatial area, at high spatial resolution and with high ac-
curacy, and that the radial velocity appropriately represents sur-
face flow dynamics. We analyzed uncertainties and sensitivities
associated with the SAR radial current and found that complex
surface wave motion and a strong NRCS gradient across the im-
aged scene can affect the accuracy of inversion calculations used
to retrieve the current. The performance of the SAR in measuring
radial current velocity acquired at radar incidence angles greater
than 30° is closer to more directly in-situ observed current velo-
cities and retrievals and these incidence angles are therefore
more reliable. This research has developed our ability to map the
central flow of the Kuroshio and the Kuroshio Counter Current.
This study provides support for ocean current monitoring using
SAR images, and for the construction of ocean current time-
series from SAR data.
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Center for the global surface Lagrangian drifter data.
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