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ERS-1 SAR observations of dynamic features in the
southern East-China Sea
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Abstract : ERS-1 SAR images covering the southern East-China Sea near Taiwan are analyzed
together with relevant remote and in situ data to interpret the variations of their brightness
(NRCS). A wealth of the oceanic and atmospheric phenomena of different scales were revealed
on the SAR images : packets of internal waves, eddies and mushroom-like structures north and
east of Taiwan, western Kuroshio front, natural and artificial slicks, island wakes, surface
manifestations of bottom topography, cell and roll convection, atmospheric gravity waves, ets.
Part of them had never been studied near Taiwan.

1. Introduction

The features of bottom topography in the
southern part of the East-China Sea, vicinity of
the vast Asia continent with full-flowing
rivers, influence of Kuroshio, tide driven flows,
indented coast line and coastal mountains dis-
turbing wind field predetermine the compli-
cated space-time structure of oceanic and
atmospheric processes. Remote and in situ tech-
niques, field and computer simulations are
used to investigate these processes.

In spite of numerous efforts both the oceanic
and atmospheric phenomena and processes are
still not well known. This is particularly evi-
dent, when new devices and techniques are ap-
plied to study them. The primary attention in
our research was concentrated on analysis of
data obtained by a Synthetic Aperture Radar
(SAR) from European ERS-1 satellite. Ground
receiving station of the Center for Space and
Remote Sensing Research at National Central
University receives and processes the ERS-1
SAR images since October, 1993.

The active (different kinds of radars) and
passive (radiometer) microwave techniques
allow us to collect information about the ocean
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surface parameters and phenomena under
cloud conditions. It is a great advantage for the
areas where the probability of cloudiness is
high. Radar images provide better resolution in
comparison with microwave radiometric data.
It allowed us to study the fine details of the
oceanic phenomena. They manifest themselves
as anomalous states of the sea surface as oppo-
site to “normal” states when roughness is deter-
mined by surface wind only. Appearance of
these states results from modulation of small
scale wind waves by the variable currents di-
rectly and/or indirectly, for example, through
redistribution of surface filmes. The atmos-
pheric mesoscale phenomena (roll vortices, cell
convection, gravity waves, wind shadows, etc.)
are also imprinted in the surface roughness
field due to modulation of horizontal surface
wind.

The objective of this study is to interpret the
brightness patterns observed on the ERS-1
SAR images collected over the southern East-
China Sea to extract qualitative and quantita-
tive information about phenomena in the
ocean-atmosphere system. Processing of the
SAR images and geographical distribution of
the ERS-1 SAR-observed oceanic and atmos-
pheric phenomena are described in section 2.
Imprints of the roll vortices and the atmos-
pheric gravity waves on the SAR images are
considered in section 3. Surface manifestations
of the Kuroshio front, upwelling, internal
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waves and other oceanic features are discussed
in section 4.

2. Processing of SAR data. Map of dynamical
phenomena

In image mode the SAR obtains strips of
high resolution imagery approximately 100 km
in width, 250 km to the right of the sub-satellite
track. A spatial resolution is 26 m in range
(across track) and between 6 m to 30 m in azi-
muth (along track) (Vass and BATTRICK, 1992).
A SAR maps the surface roughness through
Bragg scattering from the short gravity waves
with a wavelength of A = A /(2sin 6 ), where
A is the wavelength of radar and 6 is local in-
cidence angle. ERS-1 SAR (A =566 c¢cm, 6 =
195-26.6°, VV polarization) is sensivite to
waves of about 8.3-6.5 cm long. For surface
waves with crest at an angle ¢ to the radar
line-of-sight, the Bragg scattering criterion is:
A’= A sin ¢. The differences in sea surface
roughness are visible on the SAR images as
tonal changes, with the light areas correspond-
ing to stronger backscattering signals( to large
values of normalized radar cross-section-
NRCS). Backscatter increases with the increase
of wind speed (stress) and depends on
azimuthal angle (angle between wind vector
and a plane of radar signal propagation). The
threshold wind-speed value umin needed to
form the resonant Bragg waves depends on
radar frequency and sea surface temperature
and for ERS-1 SAR the umin=3.2m/s at a height
of 10 m above the surface (DONELAN and
PIERSON, 1987).

Each SAR frame covers an area of about 100
km by 100 km. The SAR data are in binary
form. The digital SAR image had 8002 pixels in
column and more than 8000 pixels in row. To
enhance the features on a SAR image, decrease
noise and achieve a convenient size, at first the
size of the data was reduced by an 8 X8 averag-
ing box. A surface resolution of about 100 m re-
sulting from this averaging was adequate for
our study. Then the histogram of gray level
was calculated and displayed. The upper and
lower bounds of gray level were determined
manually to provide the best visibility of the
details. Image file was obtained by conversion
of the binary file. Finally, the images ware

printed by a laser printer using commercial
image process package.

We analyzed about 150 ERS-1 SAR images
obtained over southern part of the East-China
Sea since October, 1993. These were both the in-
dividual images and strips of several images.
Most of them covered the waters surrounding
Taiwan between 21-27°N and 119-123°E. The
images were obtained at different seasons and
at different weather conditions. The NOAA
AVHRR images, weather maps of the Japan
Meteorological Agency (JMA) and the Central
Weather Bureau, wave analysis map of the
JMA and other relevant data were used to
interpret the brightness variations on the
SAR images and separate the oceanic phenom-
ena.

Our analysis revealed, in particular, that the
SAR images with the mesoscale (over a range
several hundreds meters to several kilometers)
wave-like variations of the surface roughness
are wide spread and common. They can be
caused by both the oceanic and atmospheric
phenomena and can confuse an oceanographic
interpretation of the SAR imagery. For in-
stance, horizontal roll vortices, open and closed
convective cells and gravity waves in the at-
mospheric planetary boundary layer produce
the quasiperiodic surface-wind-speed (surface
roughness) fluctuations. To detect an atomos-
pheric nature of the observed organized NRCS
variations, correlation of cloud patterns on the
visible and/or NOAA images and brightness
distribution on the SAR images was used. Fur-
thermore, SAR images of oceanic internal
waves which also produce the mesoscale modu-
lation of the NRCS, look different from SAR
images of wind rolls and atmospheric gravity
waves (see below 4.3, as well as ALPERS and
BrRUMMER, 1993; MiTNIK and VIKTOROV, 1990;
VACHON, et al., 1994, 1995).

We marked the areas where the surface
manifestations of the following phenomena
were observed: the changes of bottom topogra-
phy (BT), coastal fronts (CF), eddies (E), in-
ternal waves (IW), island wakes (IsW),
Kuroshio front (KF), mushroom-like struc-
tures (MS), slicks (s), unusual ship wakes
(SW), upwelling (U) as well as the surface im-
prints of cellular convection (CC), roll
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Fig. 1. Location of the features of sea surface roughness on the ERS-1 SAR images caused by
the following oceanic and atmospheric phenomena near Taiwan: The changes of bottom
topography (BT), coastal fronts (CF), eddies (E), internal waves (IW), island wakes
(IsW), Kuroshio front (KF), mushroom-like structures (MS), slicks (S), unusual ship
wakes (SW), upwelling (U), cellular convection (CC), roll convection (RC) and lee waves
(LW). The dotted rectangles A, B, C and D show the locations of the SAR images used in

the paper.
convection (RC) and lee waves (LW) (Figure China Sea and internal waves in the Luzon
1). Several SAR strips were continued beyond Strait and in the northern South-China Sea
the area under consideration. The mixed zone were registered on them.

between Yangtze waters and waters of the East
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Fig. 2. ERS-1 SAR image of the Taiwan Strait, acquired on February 20, 1995, at 14 : 27 UTC
(the original SAR image data is copyright ESA 1995). The image area is about 95 km x 100
km. Arrow shows mean wind direction derived from SAR image

3. Atmospheric phenomena

The oceanic phenomena can be detected
with a SAR over a range of wind speed u from
Umin=~3.2 m/s to 8-10 m/s only. At u>10 m/s
the brightness variations on a SAR image are
mainly due to the sea surface wind variability.
Figure 2 depicts a section of an SAR image

teken over the Taiwan Strait near the Penghu
(area A in Figure 1). From the weather maps of
the JMA for 00:00 UTC on February 20 and 21,
gale northeastern winds (prevailing during
winter monsoon) and waves with a height of
3—4 m were observed at the time of the SAR
pass. The increased brightness in the vicinity
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of the Penghu was due to intensive wave
breaking over shallow waters. It starts at a dis-
tance of about 8 km off northeastern coast. The
boundaries of this area correlate well with
isobaths and the results of Landasat image.

On the SAR image the alternating light and
gray bands are surface expression of roll vor-
tices in the marine boundary layer of the
atmosphere. The surface waves that led to this
streak-like pattern are formed primarily in re-
sponse to variations in the surface wind caused
by the rolls (ETLING and BROWN, 1993; ALPERS
and BRUMMER, 1993). The streak-like pattern
has a mean orientation aligned with the north-
northeastern wind (Figure 2). The distance
between adjacent light lines determines a
wavelenght of the roll vortices. It varies be-
tween about 1.5 and 2.5 km. The difference of
the NRCS values of light and gray bands de-
pends on wind speed of the base flow, ampli-
tude of mesoscale circulation, azimuthal angle
and incidence angle (MITNIK et al., 1994).

Additionally to the roll vortices, the
quasiperiodic variations of the NRCS can be re-
sulted from atmospheric gravity waves. They
are internal waves for which gravity is the
restoring force (MiTNIK and VIKTOROV, 1990; V
ACHON, et al., 1994; 1995). They modulate the
horizontal surface wind speed and thus the sur-
face roughness. A group of atmospheric grav-
ity waves is seen in the upper right angle in
Figure 2. Their wavelength is about 3.5 km and
the wave crests are directed at a right angle to
the bands, formed by the roll vortices.

At wind speed in the range of 3-10m/s the
variations of the sea surface roughness
(NRCS) are due to both the oceanic and atmos-
pheric factors. A strip of two SAR images cov-
ering the East-China Sea east of China coast
(Figure 3, area B in Figure 1) shows three sys-
tems of the surface imprints of the lee waves.
In the system 1 20 well-defined wave crests of
2.7-km wavelength, in the system 2 9 crests of
4.3-km wavelength and in the system 3 8 crests
of about 2.0 km wavelength are readily appar-
ent in Figure 3. They are oriented near parallel
to the coastal mountain ridges and extend up
40-50 km offshore. Modulation of the surface
wind was enough to decrease u below a thresh-
old value umin needed to generate small gravity
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Fig. 3. ERS-1 SAR images of atmospheric lee
waves east off China coast, acquired on De-
cember 8, 1994, at 14 : 26 UTC (the original
SAR image data is copyright ESA 1994). The
image area is about 100 km X 160 km.

resonance waves with a wavelength of A. Am-
plitude of the modulation can be estimated
with the CMOD IFR2 wind retrieval model for
scatterometer (QUILFEN, 1995). From the model,
it follows that the radar contrasts caused by
the lee waves increase with the decrease of av-
erage wind speed.

A narrow contrast band 4 crossing part of
the strip and ending by a cyclonic eddy 5 with
size of about 10 km indicates, probably, a fron-
tal boundary between the low-salinity China
Coastal Current and the Taiwan Warm Current
(GuaN, 1994).
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4. Oceanic features
4.1 Kuroshio front

In the east Asia, the Kuroshio Current plays
an important role in the local fishery, naviga-
tion and circulation. The season variations of
the Kuroshio characteristics, such as location
of axis, velocity, along-track width, flow sepa-
ration, interaction with shelf of the East-China
Sea, eddy formation, etc. are pronounced, espe-
cially northeast of Taiwan. These characteris-
tics are studied with ships, drifters, NOAA
AVHRR images, satellite altimeter data and
computer simulation. The short time variabil-
ity of the Kuroshio was explored to a signifi-
cantly lesser degree. Only NOAA AVHRR
images can cover the Kuroshio and surronding
waters, as opposite to altimeter and in situ
measurements. However, a high probability of
cloudiness coupled with thermal contrasts of
the Kuroshio waters against a background in
the area under consideration do not allow to
use the IR images which proved to be a very ef-
fective in Kuroshio study east of Japan. The
possibility of imaging radars to detect the dy-
namic phenomena can help us to understand
better behavior of the Kuroshio front and, in
particular, to clarify the main causes of its vari-
ability.

A strip of five SAR images obtained on April
23, 1995 covers a region approximately 100 km
by 500 km off the east coast of Taiwan (Figure
4a, area C in Figure 1). The individual frames
are marked by digits 1-5; the dotted lines show
boundaries between them (Figure 4b). The
SAR images of the same Kuroshio area were
also acquired on November 26, 1993; May 28,
July 2 and August 6, 1995. The coastal moun-
tains and valleys are seen along the left-hand
boundary of the strip. The strip is essentially
an instant pattern showing surface expressions
of interaction of northward Kuro-shio flow
with bottom topography and islands east of
Taiwan coast. The complicated structure of the
Kuroshio front is clear visible on the strip. The
bright and dark bands of varying width repre-
sent the frontal boundary of the Kuroshio (Fig-
ure 4b). They are aligned parallel to the coast
about 4050 km away from it. It is suggested
that the increased values of the NRCS (bright
bands) are due to short gravity-wave/current

interaction along shear and/or convergence
zones within the front. The reduced valued of
the NRCS (dark bands) are due to increased
concentration of natural surface films aligned
along frontal boundary (MARMORINO et al., 1994;
NiLssoN and TILDESLEY, 1995; VESECKY and
STEWART, 1982).

Cold front was north of Taiwan at approxi-
mately 27°N. It shifted to the south at the time
of the SAR pass. Southerly winds of about 5-7
m/s and air temperature of 27-28°C were
recorded by the coastal station at 24°20° N,
123°45" E (the JMA surface analysis at 00: 00
and 00: 06 UTC) and the JMA wave analysis
map at 00: 00 UTC (2.5 h before the SAR pass).
Northward wind wave height was 1 m and
westward swell height was 2 m and northward
wind of 5 m/s were reported by ship at 24°N,
128°30" E. In accordance with ten-day mean sea
surface temperature (SST) of the JMA, the
SST was 27°C south of 24°N. It decreased to 25
°C near 26°N. In the NOAA-12 IR image for
April 24 processed by the Fishery Research In-
stitute, Keelung, the SST decreases from 29°C
south of Taiwan to 27°C at about 23-24°N. Lack
of in situ observation of atmospheric parame-
ters hinders, however, the estimate of influence
of the wind stress variations induced by the
changes of atmosphere stability on radar con-
trast.

Eddy-like and wave-like disturbances of the
boundary are caused by interaction of
Kuroshio with islands, underwater ridges and
mountains. Island wake was formed behind
Lutao (frame 4). A shape of the individual ed-
dies downstream Lutao was perturbed by cur-
rent shift. Further north, an underwater
mountain at about 23°30", 121°48” is a cause of
the increased surface roughness (frame 3). The
area over another bottom raising near 24° 40",
122° 20" is also characterized by increased
backs-catter (frame 2). North of this area the
Kuroshio waters turn northeast. The small-
scale linear striations north of the raising and
around the right side of the boundary between
the 1st and the 2nd frames are, probably, the
surface effects of the adjustment of the bottom
boundary layer to the changes in the interior
flow. The similar SAR signatures were ob-
served in the eastward deflection zone of the
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Fig. 4. SAR strip of five frames from ERS-1 on April 23, 1995, at 02 : 37 UTC (the original SAR image data is
copyright ESA 1995) (a) and free-hand drawing of the contrast features (b), showing Kuroshio front, eddy-
like structures along the front, packets of internal waves and surface manifestations of bottom topography.




222 La mer 34, 1996

Gulf Stream (Fu and Hovt, 1982). Interaction
of Kuroshio and tidal currents with shelf break
causes generation of internal wave (IW) propa-
gating both offshore and onshore (frame 1).

On the SAR images of Kuroshio acquired on
other dates, several eddy-like structures behing
Lanyu and Lutao as well as spiral eddies be-
tween these islands and over the underwater
mountain at 23°30’, 121°48" were observed. The
possibility of eddy formation for currents flow-
ing over topographic features was investigated
theoretically by HUPPERT and Bryan (1976). In-
tensive packets of the IW were observed in the
area of frame 1 and further northeast. Their
crests were directed approximately parallel to
isobaths.

4.2 Upwelling

The region northeast of Taiwan is a region of
the interaction between the Kuroshio and the
East-China Sea waters. Satellite and ship obser-
vations were used to study upwelling (cold
eddy) and the change of the western Kuroshio
boundary in this area (CHEN, 1994; LiN, 1992).
The upwelling was detected on Almaz-1 and
ERS-1 SAR images as the area of reduced
backscatter since 1992 (Liu et al., 1992; Hsu et
al., 1995).

Outlines of a large dark patch and the
smaller dark features north of it on the SAR
images (Figure 5, area D in Figure 1) agree
with cold waters determined by NOAA-11
AVHRR (HsvU et al., 1995). The decrease of the
SST was about 1-4°C. The cold waters are the
upwelled subsurface nutrient-rich Kuroshio
waters which impinge on the shelf break north-
east off Taiwan. Damping of small scale rough-
ness in this area may be caused by an increased
surface film concentration and viscosity of
slick-covered waters and by the more stable
boundary layer of the atmosphere. Ship data
collected during the Kuroshio Edge Exchange
Program confirm both the SST decrease and
the increased concentration of phytoplankton
in the area of upwelling.

The scale, configuration, SST contrast and
concentration of films vary here with time.
Usage of SAR data can improve monitoring of
upwelling. From the sequence of 23 SAR
passes, collected in 1992-1995, evidence of

upwelling expressions assumed to be caused
by the increased film concentration were
cleary identified in 14 scenes out of 20 implying
a capture rate of about 60%. During these 14
SAR overpasses the wind speed was between 2
-3 and 10 m/s. The SAR images (Fig. 5) were
taken at wind speed of 2-5 m/s. Swell with a
wavelength of about 290 m from the strong
tropical storm Walt with the center at 29.8°N,
133°E (1200km northeast of Taiwan) is cleary
visible on the image.

4.3 Internal waves and eddies

Numerous packets of internal waves resulted
from interaction of tidal current with the shelf
break north of Taiwan were detected on the
SAR images (Figure 1). Surface manifestations
of several groups of the IW propagating to the
east (at an almost right angle to swell) can be
distinguished in Figure 5 a. The crest lines are
curved and their lenghts decrease from the
front to the rear. Their wavelenghts decreased
too due to the decrease of the amplitudes of the
successive waves. The leading wave of a
packet crossing the northeastern boundary of
the dark patch has a large intensity: it is visible
in the slick area due to surface wave breaking.

28 SAR images were collected in the south-
ern East-China Sea. The packets of the IW
propagating both offshore and onshore with an
average group velocity of about 0.3-0.7 m/s
were detected on 19 frames obtained at various
environmental and tide conditions. A high
probability of the IW detection denotes that
the IW are a common phenomenum in the con-
sidered area. (The estimates of group velocity
were obtained by measurements of the dis-
tance between packets of the IW identified in a
particular SAR image. Analysis of the shape
and the location of the packets allowed us to
suggest that the packets were generated in the
same sources by successive semidiurnal tidal
cycles).

Eddies usually show up in SAR images as a
result of wave/current interaction, which out-
lines the curved shape of the eddy, or are re-
vealed indirectly through the presence of
natural film trapped within spiraling lines as-
sociated with the eddy’s orbital motion. The
eddy having a large thermal contrast against a
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Fig. 5. SAR strip of two frames from ERS-1 on July 23, 1994, at 02 : 26 UTC (the original SAR image data
is copyright ESA 1995) (a) and free-hand drawing (b), showing the location of upwelling (U), internal
waves (IW), eddies (E1, E2), slicks (S), filamentaly slicks (FS), surface manifestation of bottom topog-

ship wake; 1-5-ships.

background can also be expressed by the
change in wind stress across the temperature
front (LICHY et al., 1981; MITNIK and LoBANOV,
1991).

Mesoscale eddies E1 and E2 are made appar-
ent in the SAR images by embedded narrow
natural slicks (Figures 5a and 5b). These
filamentary slicks (FS) aligned in spiral con-
figuration reveal the E1 eddy. The spiral lines
suggest convergence towards the eddy center.
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Concentration of natural surfactants is higher
in the area of the E2 eddy. The decreased SST
(about 1-3°C) identifies this area in the IR
image (Hsu et al., 1995).

The variations of backscatter near Taiwan
coast result from interaction of tidal current
with the features of bottom topography (BT).
A small-scale spiral eddy is seen north of Cape
Pitou. An island wake (IsW) west of Keelung
Island indicates the direction of the tidal
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current (Figures 5).

5. Conclusion

This study has shown that under moderate
(83-10 m/s) and strong (10 m/s) winds the
SAR can detect the imprints of the organized
mesoscale structures in a field of horizontal sea
surface wind caused by the wave phenomena
in the boundary layer of the atmosphere: roll
vortices, atmospheric gravity waves, etc. At
high sea states the increased wave breaking
(and thus, the increased values of the NRCS)
marks the boundaries of the shallow waters.

Various oceanic phenomena manifest them-
selves under moderate winds only. These mani-
festations can have both positive and negative
radar contrasts relative to the background. The
narrow curved bright features sometimes in
conjunction with the stretched slick bands and
filamentary slicks allow to detect Kuroshio
front, eddies of different sizes, mushroom-like
currents, packets of internal waves, coastal
fronts, etc. The upwelling north of Taiwan
looks dark, likely, due to the increased concen-
tration of natural surface films damping short
gravity waves. The bright features arranging
themselves into wave-like or eddy-like struc-
tures are also resulted from interaction of cur-
rents with underwater relief, islands and
headlands.

These preliminary results demonstrated the
potential of a satellite SAR for detecting and
studying dynamical phenomena both in the at-
mosphere and in the ocean. With regular access
to SAR observations, understanding of com-
plex processes in air/sea system will be im-
proved, especially in coastal region.
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