
Introduction
Mesoscale wind fields over the ocean
surface are of great interest for studying
processes in the boundary layer and for
obtaining a better understanding of
coastal processes. Spatial covering
wind fields are frequently derived from
space-borne scatterometers (SCAT).
The SCAT and the Synthetic Aperture
Radar (SAR) aboard the European
remote-sensing satellites ERS-1 and
ERS-2 operate both at 5.3 GHz 

(C-band) at moderate incidence angles
between 18° and 59°. For these inci-
dence angles, the backscatter signal of
the rough ocean surface is primarily
caused by the short surface gravity
waves, which are in resonance with the
incident radiation of the sensor. For 
incidence angles of ERS SARs,
between 20° and 26°, the range of
scattering wavelengths extends from
8.2 to 6.5 cm. These waves are 
strongly influenced by the local wind

field and allow the backscatter to be a
measure of the wind.

For several applications, especially in
coastal regions the spatial resolution of
the ERS SCAT (45 × 45 km, with a
swath width of 500 km) is insufficient.
The ERS SAR’s high resolution of about
25 × 25 m and swath width of 100 km
offer a unique opportunity to derive
mesoscale wind fields over the ocean
surface. A lot of effort has been 
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The Synthetic Aperture Radar (SAR) aboard the European Space Agency’s remote-sensing satellites (ERS-1 and ERS-2)
acquires images that can be used to derive wind fields over the ocean surface. The SAR measures the backscatter, which is a
measure of the roughness of the ocean surface. The roughness is strongly influenced by the local wind field so that the radar
backscatter can be used to measure the wind. For the derivation of the wind field from SAR images the empirical C-band
models are applied, which were originally developed for the wind scatterometer (SCAT), that operates at the same wavelength
as the SAR. Scenes at different geographical locations and under different meteorological and oceanographical conditions were
selected to test the applicability of the ERS SAR for retrieving wind fields over the ocean. Especially in coastal regions, the SAR-
derived mesoscale wind fields give a lot of additional information. As an example, an ERS SAR-retrieved wind field is compared
to ground truth measurements and to the results of a mesoscale atmospheric model.
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invested in the derivation of wind speed
from SAR images, [see e.g. Alpers et al.
1994, Chapron et al. 1994, Scoon et al.
1996, and Horstmann 1997].
Furthermore, the derivation of wind
direction in addition to the wind speed
was derived from SAR images, [see e.g.
Wakerman et al. 1996, Vachon et al.
1996, Korsbakken et al. 1996, and
Lehner et al. 1998]. In the first part of
this article the method to derive wind
speeds and wind directions from ERS
SAR images is introduced. In the 
second part an example at the German
coast of the Baltic Sea is given and
compared to a mesoscale numerical
model. Finally, the ERS SAR-derived
wind fields are applied to investigate the
spatial variability of the wind field.

Wind from SAR
For derivation of the wind speed from
ERS-1 and 2 SAR images the empirical
C-band models CMOD4 [Stoffelen &
Anderson 1997] or CMOD IFR2 [Quilfen
& Bentamy 1994] can be used. Both
models were originally developed for
the SCAT aboard ERS-1 and 2. These
models require input of the normalised
radar cross section (NRCS), the 
incidence angle of the radar beam, and
the wind direction. The NRCS and the
incidence angle can be derived in a
straightforward manner from the ERS
SAR data. Due to the fact that small
changes in NRCS result in large
changes in wind speed, the SAR
images have to be calibrated as 
accurately as possible. 

Details about the calibration are given in
Laur et al. 1997. The wind direction can
be derived from ERS SAR images if
wind streaks are present. Figure 1
shows an ERS-1 SAR image with clear-
ly imaged wind streaks from which the
wind direction is derived with an 180°
ambiguity. In approximately 65% of the
investigated SAR images, wind streaks
are present from which the wind direc-
tion can be extracted. Shadowing of the
wind field for instance due to the
coastal topography removes the 180°
ambiguity of wind direction. For deriva-
tion of the wind direction a 10 × 10 km
sub-image is analysed with a two-
dimensional fast Fourier transform (FFT).
The results of one sub-image are plot-
ted in Figure 2. The grey levels repre-
sent energies of the power spectrum
which are plotted for wavelengths
between 500 and 1500 m. The resulting
wind direction (solid line) is perpendicu-
lar to the dashed line depicting the
direction of peak power of wind streaks. 

Comparison with a numerical model
For the study of coastal processes,
high-resolution wave and current 
models are used which require detailed
wind information to calculate hydro-
graphic parameters. Therefore, it is
important to test the capability of ERS
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SAR image of the island Rügen at the Baltic coast of Germany, taken on 12 August
1991, at 21:07 UTC from ERS-1. The solid black lines in the right part of the image
give the orientation of the visible wind streaks from which the wind direction was
computed for 10 × 10 km thick lines and 5 × 5 km thin lines. The 180° ambiguity
could be removed due to the shadowing of the coast.

Power spectrum of an area in the open
water north of Rügen. Wavelengths
between 500 and 1500 m are taken for
the estimation of wind direction. The
main energy is along an orientation of
26° versus north; the resulting main
wind direction is orientated perpendi-
cular.
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SAR to reproduce spatial variations of
the wind field. Due to the complex
topographic structure, the island Rügen
near the German coastline at the Baltic
Sea was chosen as a test site. The
ERS-1 SAR image of this area is shown
in Figure 1. For validation, the
mesoscale atmospheric ‘Geesthacht
Simulation’ model GESIMA, developed
at GKSS Research Centre is used. It is
a three-dimensional non-hydrostatic
mesoscale model of atmospheric circu-
lation [details are provided in Kapitza
and Eppel 1992]. For this application, it
was set up with 8 layers between 0 and
1500 m and a horizontal resolution of 
1 × 1 km. The roughness length over
the water surface is given according to
Charnock’s relation and over land from
land use charts. For the upper 
boundary condition at 1500 m height,
stationary wind speeds of 16 m/s 
coming from 306° were prescribed, and
the model was run assuming neutral
atmospheric stratification. The NRCS
and incidence angles from the ERS-1
SAR image from 12 August 1991, at
21:07 UTC were computed with a hori-
zontal resolution of 1 × 1 km. For 
the wind derivation a constant wind
direction of 290° was assumed. Figure
3 shows the results of GESIMA and of
the ERS SAR image using the CMOD4.
The SAR image shows much finer detail
in wind structure and a higher spatial
variability than the modelled wind field.
This is caused by the difference
between the snapshot of a highly 

turbulent wind field from ERS SAR and
the simulation with a mesoscale model
assuming a stationary situation. On the
ocean surface north of Rügen, the SAR
image shows wind rolls from which the
wind direction was derived. The GESI-
MA model cannot reproduce these fea-
tures. This shows that the ERS SAR
data give a lot of additional information
on the turbulent structure of the atmos-
phere. East of the island of Rügen, the
wind shadowing shows the same order
of magnitude. The wind speed drops
down to about 6 m/s behind the island,
but picks up again toward the open
ocean. The geometrical location of the
wind shadowing in the ERS SAR and
GESIMA data is slightly different, show-
ing again that the results of GESIMA
yield a much smoother solution than the
distribution of wind speed in nature.
Since the model has been run for sta-
tionary conditions, a full coincidence
with the ERS SAR derived wind field
cannot be expected. 

Spatial wind variability
The wind fields from ERS SAR give a
unique opportunity to investigate the
variation of the wind field in space. In
the conventional method using analysis
of time series from a point measure-
ment, Taylor’s hypothesis is assumed.
Taylor considers the turbulence to be
frozen as it advects past the measuring
sensor. Therefore, the wind speed can
be used to translate turbulence meas-
urements as a function of time to their

corresponding measurements in space.
The ERS SAR-derived wind fields are a
snapshot of the surface wind field of an
area of up to 100 × 100 km. Figure 4
shows an example of a SAR image
from 1 December 1992 northwest of
the Shetland Islands. There are range-
travelling waves with approximately 300
m wavelengths visible in the complete
ERS SAR image. The superimposed
solid lines represent the wind directions
computed from the imaged wind
streaks. Due to shadowing off the coast
of the Shetlands the 180° ambiguity
could be removed. Using the mean
wind direction, the wind speed was
computed at a resolution of 100 × 
100 m. This resulted in a mean wind
speed of 14 m/s. The wind-speed
spectrum was computed from the wind
speeds with a two-dimensional FFT. To
get an idea of the distribution of the
spectral amplitude in wave number, the
wind-speed spectrum was integrated
over all directions and plotted in a 
double logarithmic plot (Fig. 5). The
wave number and the corresponding
wavelength are plotted versus the spec-
tral density of the wind speed. Between
wavelengths of 56 km and 2 km, the
spectral density decreases. For lower
wavelengths the spectral density begins
to increase. This tendency was
observed in several investigated SAR
images. The slope of the spectra
between 100 km and 2 km wavelengths
varied between -1.1 and -1.6 while the
slope below 2 km is approx. 1. The
change of the spectral density in 
Figure 4 at wavelengths of approx. 
300 m is due to the sea-state. Spectral
density decreases with increasing
wavelengths are a commonly observed
phenomenon in the troposphere [Gage
& Nastrom 1986] and at lower scales in
the boundary layer [Kaimal et al. 1972].
Speckle effects dominate for resolutions
below 2 × 2 km. Due to the distribution,
the slope for wavelengths below ~2 km
is approx. 1 and dominates the wind
variability. 

Conclusion
Application of the C-band models
CMOD4 and CMOD IFR2 to ERS SAR
images result in valuable information on
mesoscale wind fields over the ocean. If
wind streaks appear in ERS SAR
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Wind speeds computed by the Geesthacht simulation model of the atmosphere
(GESIMA) on the left side and by the C-band model (CMOD4) from ERS-1 SAR
data on the right side. The solid lines represent isotachs in m/s.
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images, wind direction can be retrieved
with an 180° ambiguity which can be
removed if wind shadowing is visible.
Comparisons of SAR-derived wind
speeds to results of the mesoscale
model GESIMA showed finer details of
wind speeds in the ERS SAR data,
resulting in richer information in com-
parison to the model results. The spatial
wind variation over the ocean surface
with ERS SAR images showed a dis-
tinct reduction of spectral density with
an increasing wave number and a slope
according to k-5/3.
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ERS-1 SAR image of the west coast of the Shetland Islands, taken on 1 Dec. 1992,
at 10:28 UTC. The highlighted area was taken to investigate the wind variability. The
superimposed solid lines represent the wind direction as 
computed from the wind streaks.

The spectral density versus wave
number is plotted in log-log coordi-
nates. The spectral density was 
computed from the wind-speed 
spectrum. The corresponding wave-
lengths are plotted under the wave
number axis.
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Introduction
It has been well established that
Synthetic Aperture Radar (SAR) images
over the ocean can provide wind infor-
mation over small spatial scales. SAR
image data can be used quantitatively
as an imaging scatterometer if the SAR
is calibrated and a suitable wind
retrieval model is available [Vachon &
Dobson 1996; Wackerman et al. 1996;
Fetterer et al. 1998]. Canada’s Radarsat
SAR (C-band HH polarisation) with its
ScanSAR wide mode characterised by
a swath width of 500 km at a spatial
resolution of 100 m, can provide both
synoptic-scale and small-scale views of
the imprint of mesoscale meteorological
processes and features on the ocean’s
surface.

Atmospheric mesoscale cyclonic 
vortices that develop in the regions

between sea ice (or cold land) and the
ocean during cold air outbreaks are of
increasing interest [Twitchell et al. 1989;
Heinemann & Claud 1997; Mitnik et al.
1996]. Often referred to as polar lows,
intensive mesoscale cyclones are
formed poleward of major jet streams in
cold air masses or frontal zones; their
cloud mass is mainly convective in 
origin [Businger & Reed 1989]. With
small spatial scales (< 500 km) and
short life times (24 to 48 hours), it may
be difficult for numerical weather predic-
tion models to fully simulate their initia-
tion, temporal evolution, and spatial
structure. Since polar mesoscale
cyclones usually occur in data sparse
regions, satellite images have been an
important tool for the detection and
characterisation of these phenomena
[Heinemann & Claud 1997; Mitnik et al.
1996]. These high-latitude outbreaks

also have a role in understanding and
quantifying the intense fluxes of heat
and moisture from sea to air that
accompany oceanic deep convection
[Marshall et al. 1998].

In this paper, we consider two such fea-
tures observed in (thus far) uncalibrated
Radarsat ScanSAR images. We then
consider the more generic issue of wind
retrieval from Radarsat SAR images and
present wind speed validation results
from single-beam mode observations
taken over ships and buoys.

Labrador Sea mesoscale cyclones
Figure 1 shows a Radarsat ScanSAR
wide image of an intense mesoscale
cyclone (MC) over the Labrador Sea.
The image was acquired for routine ice
surveillance [Bradley et al. l998] on 29
December 1997. On this date, the sea-
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Two examples of Radarsat ScanSAR wide images of mesoscale cyclones in the Labrador Sea are presented, along with wind
retrieval validation results from both the ERS SARs and the Radarsat SAR. The results show that SAR images may be used to
deduce information about both the spatial structure and the wind speed of mesoscale phenomena near the ocean’s surface.
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