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and oceanographic research.
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Introduction

Synthetic aperture radar (SAR) is a side-looking
imaging radar usually operating on either an aircraft
or a spacecraft. The radar transmits a series of
short, coherent pulses to the ground producing
a footprint whose size is inversely proportional to
the antenna size, its aperture. Because the antenna
size is generally small, the footprint is large and any
particular target is illuminated by several hundred
radar pulses. Intensive signal processing involving
the detection of small Doppler shifts in the reSected
signals from targets to the moving radar produces
a high resolution image that is equivalent to one
that would have been collected by a radar with
a much larger aperture. The resulting larger aper-
ture is the ‘synthetic aperture’ and is equal to the
distance traveled by the spacecraft while the radar

antenna is collecting information about the target.
SAR techniques depend on precise determination of
the relative position and velocity of the radar with
respect to the target, and on how well the return
signal is processed.

SAR instruments transmit radar signals, thus pro-
viding their own illumination, and then measure the
strength and phase of the signals scattered back to
the instrument. Radar waves have much longer
wavelengths compared with light, allowing them to
penetrate clouds with little distortion. In effect,
radar’s longer wavelengths average the properties of
air with the properties and shapes of many indi-
vidual water droplets, and are only affected while
entering and exiting the cloud. Therefore, micro-
wave radar can ‘see’ through clouds.

SAR images of the ocean surface are used to
detect a variety of ocean features, such as refracting
surface gravity waves, oceanic internal waves, wind
Relds, oceanic fronts, coastal eddies, and intense low
pressure systems (i.e. hurricanes and polar lows),
since they all inSuence the short wind waves respon-
sible for radar backscatter. In addition, SAR is the
only sensor that provides measurements of the
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Table 1 Major ocean-oriented spaceborne SAR missions

Platform Nation Launch Banda Status

Seasat USA 1978 L Ended
Almaz-1 USSR 1991 S Ended
ERS-1 Europe 1991 C Standby
JERS-1 Japan 1992 L Ended
ERS-2 Europe 1995 C Operational
Radarsat-1 Canada 1995 C Operational
Envisat-1 Europe 2001 C Launch scheduled
Radarsat-2 Canada 2002 C Approved
ALOS Japan 2003 L Approved

aSome frequently used radar wavelengths are: 3.1 cm for X-
band, 5.66 cm for C-band, 10.0 cm for S-band, and 23.5 cm for
L-band.

directional wave spectrum from space. Reliable
coastal wind vectors may be estimated from calib-
rated SAR images using the radar cross-section. The
ability of a SAR to provide valuable information on
the type, condition, and motion of the sea ice
and surface signatures of swells, wind fronts, and
eddies near the ice edge has also been amply demon-
strated.

With all-weather, day/night imaging capability,
SAR penetrates clouds, smoke, haze, and darkness
to acquire high quality images of the Earth’s sur-
face. This makes SAR the frequent sensor of choice
for cloudy coastal regions. Space agencies from the
USA, Canada, and Europe use SAR imagery on an
operational basis for sea ice monitoring, and for the
detection of icebergs, ships, and oil spills. However,
there can be considerable ambiguity in the inter-
pretation of physical processes responsible for the
observed ocean features. Therefore, the SAR
imaging mechanisms of ocean features are brieSy
described here to illustrate how SAR imaging is used
operationally in applications such as environmental
monitoring, Rshery support, and marine surveil-
lance.

History

The Rrst spaceborne SAR was Sown on the US
satellite Seasat in 1978. Although Seasat only lasted
3 months, analysis of its data conRrmed the sensitiv-
ity of SAR to the geometry of surface features. On
March 31, 1991 the Soviet Union became the next
country to operate an earth-orbiting SAR with the
launch of Almaz-1. Almaz-1 returned to earth in
1992 after operating for about 18 months. The
European Space Agency (ESA) launched its Rrst
remote sensing satellite, ERS-1, with a C-band SAR
on July 17, 1991. Shortly thereafter, the JERS-1
satellite, developed by the National Space Develop-
ment Agency of Japan (NASDA), was launched on
February 11, 1992 with an L-band SAR. This was
followed a few years later by Radarsat-1, the Rrst
Canadian remote sensing satellite, launched in No-
vember 1995. Radarsat-1 has a ScanSAR mode with
a 500 km swath and a 100 m resolution, an innova-
tive variation of the conventional SAR (with
a swath of 100 km and a resolution of 25 m). ERS-2
was launched in April 1995 by ESA, and Envisat-1
with an Advanced SAR is underway with a sched-
uled launch date in July 2001. The Canadian Space
Agency (CSA) has Radarsat-2 planned for 2002,
and NASDA has Advanced Land Observing Satellite
(ALOS) approved for 2003. Table 1 shows all major
ocean-oriented spaceborne SAR missions worldwide
from 1978 to 2003.

Aside from these free-Sying missions, a number of
early spaceborne SAR experiments in the USA were
conducted using shuttle imaging radar (SIR) systems
Sown on NASA’s Space Shuttle. The SIR-A and
SIR-B experiments, in November 1981 and October
1984, respectively, were designed to study radar
system performance and obtain sample data of the
land using various incidence angles. The SIR-B
experiment provided a unique opportunity for
studying ocean wave spectra due to the relatively
lower orbit of the Shuttle as compared with satel-
lites. The low orbital altitude increases the fre-
quency range of ocean waves that could be reliably
imaged, because blurring of the detected waves
caused by the motion of ocean surface during the
imaging process is reduced. The Rnal SIR mission,
SIR-C in April and October 1994, simultaneously
recorded SAR data at three wavelengths (L-, C-, and
X-bands). These multiple-frequency data from
SIR-C improved our understanding of the radar
scattering properties of the ocean surface.

Imaging Mechanism of Ocean
Features

For a radar with an incidence angle of 203}503,
such as all spaceborne SARs, backscatter from the
ocean surface is produced primarily by the Bragg
resonant scattering mechanism. That is, surface
waves traveling in the radar range (across-track)
direction with a wavelength of j/(2 sin h), called the
Bragg resonant waves, account for most of the
backscattering. In this formula, j is the radar
wavelength, and h is the incidence angle. In general,
the Bragg resonant waves are short gravity waves
with wavelengths in the range of 3}30cm, depend-
ing on the radar wavelength or band, as shown in
Table 1. Because SAR is most sensitive to waves of
this wavelength, or roughness of this scale, any
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Figure 1 Radarsat ScanSAR image of oil spills off Point Barrow, Alaska, collected on November 2, 1997. (( CSA 1997.)

ocean phenomenon or process that produces modu-
lation in these particular wavelengths is theoretically
detectable by SAR. The radar cross-section of the
ocean surface is affected by any geophysical vari-
able, such as wind stress, current shear, or surface
slicks, that can modulate the ocean surface rough-
ness at Bragg-scattering scales. Thus, SARs have
proven to be an excellent means of mapping ocean
features.

For ocean current features, the essential element
of the surface manifestation is the interaction be-
tween the current Reld and the wind-driven ocean
surface waves. The effect of the surface current is to
alter the short-wave spectrum from its equilibrium
value, while the natural processes of wave energy
input from the wind restores the ambient equilib-
rium spectrum. A linear SAR system is one for
which the variation of the SAR image intensity is
proportional to the gradient of the surface velocity.
The proportionality depends on radar wavelength,
radar incidence angle, angle between the radar look
direction and the current direction, azimuth angle,

and the wind velocity. Under high wind condition,
large wind waves may overwhelm the weaker cur-
rent feature. When current Sows in the cross-wind
direction, the wave}current interaction is relatively
weak, causing a weak radar backscattering signal.

For ocean frontal features, the change in surface
brightness across a front in a SAR image is caused
by the change in wind stress exerted onto the ocean
surface. The wind stress in turn depends on wind
speed and direction, air}sea temperature difference,
and surface contamination. The effects of wind
stress upon surface ripples and therefore upon radar
cross-section, have been modeled and demonstrated
as shown in the example below. In the high wind
stress area, the ocean surface is rougher and appears
as a brighter area in a SAR image. On the other side
of the front where the wind is lower, the surface is
smoother and appears as a darker area in a SAR
image.

The reason why surface Rlms are detectable on
radar images is that oil Rlms have a dampening
effect on short surface waves. Radar is remarkably
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Figure 2 ERS-1 SAR image of shallow water bathymetry at Taiwan Tan acquired on July 27, 1994. (( ESA 1994.)

sensitive to small changes in the roughness of sea
surface. Oil slicks also have a dark appearance in
radar images and are thus similar to the appearance
of areas of low winds. The distinctive shape and
sharp boundary of localized surface Rlms allows
them to be distinguished from the relatively large
regions of low wind.

Examples of Ocean Features from
SAR Applications

A number of important SAR applications have
emerged recently, particularly since ERS-1/2, and
Radarsat-1 data became available and the ability to
process SAR data has improved. In the USA, the
National Oceanic and Atmospheric Administration
(NOAA) and the National Ice Center use SAR im-

agery on an operational basis for sea ice monitoring,
iceberg detection, Rshing enforcement, oil spill de-
tection, wind and storm information. In Canada, sea
ice surveillance is now a proven near-real-time
operation, and new marine and coastal applications
for SAR imagery are still emerging. In Europe,
research on SAR imaging of ocean waves has
received great attention in the past 10 years, and
has contributed to better global ocean wave fore-
casts. However, the role of SAR in the coastal ob-
serving system still remains at the research and
development stage. For reference, examples of some
typical ocean features from SAR applications are
provided below.

For marine environmental monitoring, features
such as oil spills, bathymetry, and polar lows
are important for tracking and can often be identi-
Red easily with SAR. In early November 1997,
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Figure 3 Radarsat ScanSAR image of a polar low in the Bering Sea collected on February 5, 1998. (( CSA 1998.)

Radarsat’s SAR sensor captured an oil spill off Point
Barrow, Alaska. The oil slicks showed up clearly on
the ScanSAR imagery on November 2, 3 and 9. The
oil spill is suspected to be associated with the Alas-
kan Oil Pipeline. Figure 1 shows a scene containing
the oil slicks cropped out from the original ScanSAR
image for a closer look. Tracking oil spills using
SAR is useful for planning clean-up activities. Early
detection, monitoring, containment, and clean up of
oil spills are crucial to the protection of the environ-
ment.

Under favorable wind conditions with strong tidal
current, the surface signature of bottom topography
in shallow water has often been observed in SAR
images. Figure 2, showing an ERS-1 SAR image of
the shallow water bathymetry of Taiwan Tan col-
lected on July 27, 1994, is such an example. Taiwan
Tan is located south west of Taiwan in the Taiwan
Strait. Typical water depth there is around 30 m
with a valley in the middle and the continental shelf

break to the south. An extensive sand wave Reld
(Figure 2) is developed at Taiwan Tan regularly by
wind, tidal current, and surface waves. Monitoring
the changes of bathymetry is critical to ship
navigation, especially in the areas where water is
shallow and ship trafRc is heavy.

Intense low pressure systems in polar regions,
often referred to as polar lows, may develop above
regions between colder ice/land and warmer ocean
during cold air outbreaks. These intense polar lows
are formed off major jet streams in cold air masses.
Since they usually occur near polar regions where
data are sparse, SAR images have been a useful tool
for studying these phenomena. Figure 3 shows
a Radarsat ScanSAR image of a polar low in the
Bering Sea (centered at 58.03N, 174.93E) collected
on February 5, 1998. It has a wind boundary to the
north spiraling all the way to the center of the storm
that separates the high wind (bright) area from the
low wind (dark) area. The rippled character along
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Figure 4 ERS-1 SAR image of lower Shelikof Strait, acquired on October 23, 1991 showing a spiral eddy. (( ESA 1991.)

the wind boundary indicates the presence of an
instability disturbance induced by the shear Sow,
which in turn is caused by the substantial difference
in wind speed across the boundary.

Ocean features such as eddies, fronts, and ice
edges can result in changes in water temperature,
turbulence, or transport and may be the primary
determinant of recruitment to Rsheries. The survival
of larvae is enhanced if they remain on the continen-
tal shelf and ultimately recruit to nearshore nursery
areas. Features such as fronts and eddies can retain
larval patches within the shelf zone. Figure 4 shows
an ERS-1 SAR image acquired on October 23, 1991
(centered at 56.693N, 156.073W) in lower Shelikof
Strait, the Gulf of Alaska. In this image, an eddy
with a diameter of approximately 20 km is visible
due to low wind conditions. The eddy is character-
ized by spiraling curvilinear lines which are most
likely associated with current shears, surface Rlms,
and to a lesser extent temperature contrasts. SAR

has the potential to locate these eddies over exten-
sive areas in coastal oceans.

A Radarsat ScanSAR image over the Gulf of
Mexico taken on November 23, 1997 (Figure 5)
shows a distinct, nearly straight front stretching at
least 300 km in length. The center of the front in
this scene is in the Gulf of Mexico some 400 km
south west of New Orleans. The frontal orientation
is about 763 east of north. Closer inspection reveals
that there are many surface Rlm-like Rlaments on
the south side of the front. Concurrent wind data
suggest that surface currents converge along the
front. Therefore, the formation of this front is prob-
ably caused by the accumulation of natural surface
Rlms brought about by the convergence around the
front. This example highlights SAR’s sensitivity to
the changes of wind speed and the presence of
surface Rlms.

The edge of the sea ice has been found to be
highly productive for plankton spring bloom and
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Figure 5 Radarsat ScanSAR image collected over the Gulf of Mexico on November 23, 1997 showing a frontal boundary.
(( CSA 1997.)

Rshery feeding. In the Bering Sea, Rsh abundance is
highly correlated with yearly ice extent because for
their survival many species of Rsh prefer the cold
pools left behind after ice retreat. SAR images are
very useful for tracking the movement of the ice
edge. Figure 6 shows a Radarsat ScanSAR image
near the ice edge in the Bering Sea collected on
February 29, 2000 (centered at 59.63N and
177.33W). The sea ice pack with ice bands extend-
ing from the ice edge can be clearly seen as the
bright area because sea ice surface is rougher than
ocean surface (dark area). In the same image,
a front is also visible and may or may not be
associated with the ice edge to the north. The cold
water near the ice edge dampens wave action and
appears as a darker area compared with the other
side of the front, where it shows up as brighter area
due to higher wind and higher sea states.

Information on surface and internal waves, as
well as ship wakes, are very important and valuable
for marine surveillance and ship navigation. The
principal use of SAR for oceanographic studies has

been for the detection of ocean waves. The wave
direction and height derived from SAR data can be
incorporated into models of wind}wave forecast
and other applications such as wave}current inter-
action. Figure 7 shows an ERS-1 SAR image of
long surface waves (or swells) in the lower Shelikof
Strait collected on October 17, 1991 (centered at
56.113N, 156.363W). The location is close to that
of the spiral eddy shown in Figure 4. Because of the
higher winds and higher sea states at the time the
image was acquired, the eddy is less conspicuous in
this SAR image taken 6 days earlier. Although the
direct surface signature of the eddy cannot be dis-
cerned clearly in this image, the wave refraction in
the eddy area can still be observed. The rays of the
wave Reld can be traced out directly from the SAR
image. The ray pattern provides information on the
wave refraction pattern and on the relative variation
of wave energy along a ray through wave}current
interaction.

Tidal currents Sowing over submarine topo-
graphic features such as a sill or continental shelf in
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Figure 6 Radarsat ScanSAR image collected over the Bering Sea on February 29, 2000 showing a front near the ice edge.
(( CSA 2000.)

a stratiRed ocean can generate nonlinear internal
waves of tidal frequency. This phenomenon has
been studied by many investigators. Direct observa-
tions have lent valuable insight into the internal
wave generation process and explained the role they
play in the transfer of energy from tides to ocean
mixing. These nonlinear internal waves are appar-
ently generated by internal mixing as tidal currents
Sow over bottom features and propagate in the
open ocean. In the South China Sea near DongSha
Island, enormous westward propagating internal
waves from the open ocean are often confronted by
coral reefs on the continental shelf. As a result, the
waves are diffracted upon passing the reefs. Figure
8 shows a Radarsat ScanSAR image collected over
the northern South China Sea on April 26, 1998,
showing at least three packets of internal waves.
Each packet consists of a series of internal waves,
and the pattern of each wave is characterized by

a bright band followed immediately by a dark band.
The bright/dark bands indicate the contrast in ocean
rough/smooth surfaces caused by convergence/diver-
gence areas induced by the internal waves. At times,
the wave ‘crest’ as observed by SAR from the length
of bands can be over 200 km long. After passing the
DongSha coral reefs, the waves regroup themselves
into two separate packets of internal waves. Later,
they interact with each other and emerge as a single
wave packet again. SAR can be a very useful tool
for studying these shelf processes and the effect of
the internal waves on oil drilling platforms, nutrient
mixing, and sediment transport.

Ships and their wakes are commonly observable
in high-resolution satellite SAR imagery. Detection
of ships and ship wakes by means of remote sensing
can be useful in the areas of national defense intelli-
gence, shipping trafRc, and Rshing enforcement. Fig-
ure 9 is an ERS-1 SAR image collected on May 31,
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Figure 7 ERS-1 SAR image of lower Shelikof Strait, obtained on October 17, 1991 showing long surface gravity waves refracted
by current. (( ESA 1991.)

1995 near the northern coast of Taiwan. The image
is centered at 25.623N and 121.153E, approximately
30 km offshore in the East China Sea. A surface ship
heading north east, represented by a bright spot, can
be easily identiRed. Behind this ship, a long dark
turbulence wake is clearly visible. The turbulent
wake dampens any short waves, resulting in an area
with low backscattering as indicated by the arrow
A in Figure 9. Near the ship, the dark wake is
accompanied by a bright line which may be caused
by the vortex shed by the ship into its wake. The
ship track follows the busy shipping lane between
Hong Kong, Taiwan, and Japan. The ambient dark
slicks are natural surface Rlms induced by upwelling
on the continental shelf. In the lower part of the
image, another ship turbulent wake (long and dark
linear feature oriented east}west) can be identiRed
near the location B in Figure 9. A faint bright line
connects to the end of this turbulent wake, forming

a V-shaped wake in the box B. The faintness of this
second ship may be caused by very low backscatter-
ing of the ship conRguration or the wake could have
been formed by a submarine. In the latter case, it
must have been operating very close to the ocean
surface, since the surface wake is observable. The
ship wake is pointing to the east, indicating that the
faint ship was moving from mainland China toward
the open ocean.

Discussion

As mentioned earlier, SAR has the unique capability
of operating during the day or night and under all
weather conditions. With repeated coverage, space-
borne SAR instruments provide the most efRcient
means to monitor and study the changes in impor-
tant elements of the marine environment. As dem-
onstrated by the above examples, the use of SAR-
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Figure 8 Radarsat ScanSAR image collected over the South China Sea on April 26, 1998 showing three internal wave packets.
(( CSA 1998.)

derived observations to track eddies, fronts, ice
edges, and oil slicks can supply valuable informa-
tion and can aid in the management of the Rshing
industry and the protection of the environment. In
overcast coastal areas at high latitudes, the uniform-
ly cold sea surface temperature and persistent cloud
cover preclude optical and infrared measurement of
surface temperature features, and obscure ocean
color observations. The mapping of ocean features
by SAR in these challenging coastal regions is, there-
fore, a potentially major application for satellite-
based SAR, particularly for the wider swath Scan-
SAR mode. Furthermore, SAR data provide unique
information for studying the health of the Earth
system, as well as critical data for natural hazards
and resource assessments.

The prospect of SAR data collection extending
well into the twenty-Rrst century gives impetus to
current research in SAR applications in ocean

science and opens the doors to change detection
studies on decadal timescales. The next step is to
move into the operational use of SAR data to
complement ground measurements. The challenge
is to increase cooperation in the scheduling,
processing, dissemination, and pricing of SAR
data from all SAR satellites between international
space agencies. Such cooperation might permit
near-real-time high-resolution coastal SAR measure-
ments of sufRcient temporal and spatial coverage to
impact weather forecasting for selected heavily
populated coastal regions. It is necessary to bear
in mind that each satellite image is a snapshot
and can be complemented with buoy and ship
measurements. Ultimately, these data sets should
be integrated by numerical models. Such validated
and calibrated models will prove extremely
useful in understanding a wide variety of oceanic
processes.
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Figure 9 ERS-1 SAR image of East China Sea, obtained on May 31, 1995 showing a surface ship and its wake (arrow A) and
a V-shaped wake in box B. (( ESA 1995.)
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