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Abstract In this paper an algorithm is presented which
enables high-resolution ocean surface wind fields to be
retrieved from the advanced synthetic aperture radar
(ASAR) data acquired by the European remote sensing
satellite ENVISAT. Wind directions are extracted from
wind-induced streaks that are visible in ASAR images at
scales above 200 m and that are approximately in line
with the mean surface wind direction. Wind speeds are
derived from the normalized radar cross section (NRCS)
and image geometry of the calibrated ASAR images,
together with the local ASAR-retrieved wind direction.
Therefore the empirical C-band model CMOD4, which
describes the dependency of the NRCS on wind and
image geometry, is used. CMOD4 is a semi-empirical
model, which was originally developed for the scatter-
ometer of the European remote sensing satellites ERS-1
and 2 operating at C-band with vertical polarization.
Consequently, CMOD4 requires modification when
applied to ASAR images that were acquired with hori-
zontal polarization in transmitting and receiving. This is
performed by considering the polarization ratio of the
NRCS. To demonstrate the applicability of the algo-
rithm, wind fields were computed from several ENVI-
SAT ASAR images of the North Sea and compared to
atmospheric model results of the German weather ser-
vice.

Keywords Ocean winds Æ Satellite Remote sensing Æ
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1 Introduction

Today, several scatterometers (SCATs) are in orbit,
which enable ocean surface wind fields to be measured
with a resolution of up to 25 km on a global and oper-
ational basis independent of daylight and cloudiness,
e.g. QuikSCAT. All these SCATs were originally not
designed to measure high-resolution wind fields and
therefore make it difficult to measure the highly spatially
variable winds, especially in coastal areas. However,
satellite-borne synthetic aperture radar (SAR) instru-
ments enable the ocean surface to be imaged with a very
high resolution of up to �30 m and a large spatial
coverage of up to 500 km swath widths. This enables
imaging with one single swath nearly the entire North or
Baltic Sea. Figure 1 shows a 25·20-km subimage of the
SAR aboard ERS-2 acquired at the west coast of Nor-
way near to Bergen on the 13. February, 2000. In the
open waters a wave system can be seen which is
approaching the Norwegian coast from the west and
which is refracted by the islands. Behind the island,
streak-like structures oriented in east–west direction are
visible, which are induced by the wind shadowing of the
islands as well as the local variability of the wind field.
The high-resolution and large spatial coverage of space-
borne SAR data make them a very valuable tool, espe-
cially in coastal regions, for measuring geophysical
parameters such as ocean surface winds, waves and sea
ice.

Since the launching of the European remote sensing
satellites ERS-1, ERS-2, and ENVISAT, as well as the
Canadian satellite RADARSAT-1, SAR images have
been acquired over the oceans on a continuous basis.
The advanced SAR (ASAR) aboard the European
satellite ENVISAT operates in the C band (5.34 GHz)
and, in contrast to the ERS-1/2 and RADARSAT-1
satellites, at both vertical (VV) and, horizontal (HH)
polarization in transmitting and receiving. All sensors
acquire SAR data at moderate incidence angles between
15� and 50�. For this electromagnetic wavelength
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and range of incidence angles the backscatter of the
ocean surface is primarily caused by the small-scale
surface roughness (5 to 10-cm scales), which is strongly
influenced by the local wind field and therefore allows
the backscatter to be empirically related to the wind.

In the past years much effort has been undertaken to
develop algorithms for derivation of wind vectors from
SAR images. The wind direction can be retrieved from
the direction of wind-induced streaks, which can be
retrieved either in the spectral domain (Gerling 1986;
Vachon and Dobson 1996; Fetterer et al. 1998; Lehner
et al. 1998; Horstmann et al. 2000a) or in the spatial
domain (Horstmann et al. 2002; Koch 2004). The wind
speed is derived from the intensity of the SAR image,
using semi-empirical C-band models for VV polarization
(Fetterer et al. 1998; Lehner et al. 1998; Horstmann et al.
2000a, 2003). If the SAR is operating at HH polarization
these models have been extended (Horstmann et al.
2000b; Thompson and Beal 2000; Vachon and Dobson
2000; Horstmann et al. 2002; Wackerman et al. 2002).

In this paper an algorithm for wind field retrieval
from C-band SAR data is introduced, and for the first
time wind fields are retrieved from ENVISAT ASAR
data. To show the applicability of the algorithm EN-
VISAT ASAR-retrieved wind fields in the North Sea are
compared to results of the numerical atmospheric model
of the German weather service (DWD).

The paper is organized as follows: in Section 2 the
ENVISAT ASAR is described. In Section 3 a descrip-
tion of the SAR wind-retrieval method is given. In
Section 4 ASAR-retrieved wind fields are compared to
model results of the DWD.

2 Utilized ENVISAT ASAR data

The advanced synthetic aperture rader (ASAR) aboard
the European satellite ENVISAT operates at C-band
(5.34 GHz) in a sun-synchronous polar orbit. ENVI-
SAT’s orbit is at a height of �800 km, which results in a
35-day repeat cycle with an orbital period of 100 min.
For this study ASAR data were acquired in the Scan-
SAR wide-swath mode, which enables up to 30 min per
orbit be acquired. ScanSAR images are generated by
scanning the incidence angle and subsequently synthe-
sizing images for five different subswaths at incidence
angles between approximately 15� and 45.2�. The
ScanSAR wide-swath mode enables a �400 km wide
swath to be imaged with a spatial resolution of �150 m
and a pixel size of 75 m. For the following study ASAR
data were acquired at either HH or VV polarization in
transmitting and receiving. Prior to the wind-speed
retrieval, the ASAR data have to be absolutely
calibrated to normalized radar cross section (NRCS)
(ASAR team 2003).

3 SAR wind retrieval

Wind retrieval from SAR data is a two-step process. In
the first step wind directions are extracted from
wind-induced streaks visible in the SAR image. These
wind directions are used in the second step, where wind
speeds are derived from the NRCSs of the SAR data
under consideration of the wind direction and SAR
imaging geometry.

Fig. 1 Synthetic aperture
radar (SAR) subimage
(25 · 20 km) of the west
coast of Norway near
Bergen. The image was
acquired on 13. February,
2000, by the SAR aboard the
European remote sensing
satellite ERS-2
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3.1 SAR wind-direction retrieval

The most popular method for SAR wind-direction
retrieval is based on the imaging of structures such as
marine atmospheric boundary layer (MABL) rolls
(Alpers and Brümmer 1994), which have a typical spacing
of 2 to 10 km. The orientation of the MABL rolls is
between the direction of the mean surface wind and the
geostrophic wind above the boundary layer and varies
between 20� to the left and 30� to the right of the geo-
strophic wind (Etling and Brown 1993). Nevertheless,
wind-induced streaks observed in SAR imagery were
compared with in situ wind observations (Gerling 1986;
Vachon and Dobson 1996; Fetterer et al. 1998; Lehner et
al. 1998). All report average wind-row directions within
15� of in situ surface wind directions with possible errors
that weremuch larger. The large errors aremost likely due
to other atmospheric features, which are not aligned with
the surface wind direction, but are also imaged by the
SAR at these scales, e.g. see waves and inflection point
instabilities. Studies by Horstmann et al. (2002) have
shown thatwind-induced streaks that are oriented inwind
direction are often detected in scales between 200 and1600
m, which are most likely associated with wind streaks
(Drobinski and Foster 2003) and seldom to MABL rolls.
Their comparison of SAR-retrieved wind direction at
scales above 200 mwith an atmospheric model resulted in
a root mean square error of �22�. Also studies of
Dankert et al. (2003), utilizing tower-based high-resolu-
tion real aperture radar (RAR) imagery, have shown that
wind-induced streaks at scales between 50 to 1500 m are
very well aligned with the mean surface wind. Their
comparison of 3272 radar image sequences acquired over
a 6 month period, to in situ wind measurements showed
that the streaks are very well alignedwith the surface wind
directions (root mean square error of 14.2�). Therefore, in
the following, the linear features visible in the SAR images
are assumed to be aligned with the mean surface wind
direction. Furthermore, the results of Dankert et al.
(2003) encourage focusing on the smallest possible scales
which can be utilized from space-borne SAR.

Two methods have been developed in the past to
extract the orientation of wind-induced streaks. The first
method searches for the dominant wind-streak direction
in the wavenumber domain (Lehner et al. 1998) and is
referred to as the fast-Fourier transformation method
(FFT method). Therefore, SAR subimages are trans-
formed into the wavenumber domain where a regression
analysis is performed on the energy densities for wave-
lengths between 500 and 1800 m. The main spectral
energy is located perpendicular to the orientation of the
streaks, giving the wind direction with a 180� ambiguity.
In the second method the wind direction is defined as
normal to the local gradients derived from smoothed
amplitude images (Horstmann et al. 2002; Koch 2004).
In the following, this method is referred as the local
gradient method (LG method). In a first step the SAR
images are smoothed and reduced to a pixel size of 100,
200 and 400 m, representing scales above 200 m. From

these pixels the local directions, defined by the normal to
the local gradient, are computed with a 180� ambiguity.
In a next step all pixels that are effected by non-wind-
induced features, e.g. land, surface slicks, sea ice etc., are
masked. Therefore, land masks and SAR image filters,
which are described by Koch (2004), are applied.
Finally, from all the resulting directions only the most
frequent directions in a predefined grid cell are selected.
The wind directions resulting from the 100, 200 and 400
m pixel sizes vary typically by only a few degree, except
for cases where additional features are present in the
SAR image, e.g. see waves. The 180� directional ambi-
guity can be removed if wind shadowing is present,
which is often visible in the lee of coastlines. If such
features are not present in the image, other sources, e.g.
atmospheric models or in situ measurements, have to be
considered.

3.2 SAR wind-speed retrieval

For the wind-speed retrieval a model function relating
the NRCS of the ocean surface to the local near-surface
wind speed, wind direction versus antenna-look direc-
tion and incidence angle is utilized. This function is
dependent on radar frequency and polarization. In the
case of the ERS-1 SCAT operating at C-band with VV
polarization, several empirical functions have been
developed, of which the CMOD4 (Stoffelen and
Anderson 1997) and CMOD_IFR2 (Quilfen et al. 1998)
are the most commonly used, and the CMOD5 (Hers-
bach 2003) the most recently developed. It has been
shown that these functions are applicable for wind-speed
retrieval from VV polarized SAR images (Vachon and
Dobson 1996; Lehner at al. 1998; Horstmann et al.
2003). Comparison indicate that the CMOD4 model
function is the best choice for low to moderate wind
speeds (J. Horstmann and W. Koch, 2004). For wind-
speed retrieval from C-band HH polarized SAR images,
no similar well-developed model exists. So that a hybrid
model function is applied that consists of the above
models, e.g. CMOD4, and a C-band polarization ratio
(PR) (Horstmann et at. 2000b; Thompson and Beal
2000; Vachon and Dobson 2000), defined as:

PR ¼ rHH
0

rVV
0

; ð1Þ

where rHH
0 and rVV

0 are the HH and VV polarized
NRCS, respectively. So far, the PR is not well known,
and several different PRs are suggested in the literature
(Elfouhaily 1997; Thompson et al. 1998).

The PR proposed by Thompson et al. (1998) neglects
wind-speed and wind-direction dependency and is given
by:

PR ¼ ð1þ a tan2 hÞ2

ð1þ 2 tan2 hÞ2
; ð2Þ
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where a is a constant and set to 0.6, fitting the mea-
surements of Unal et al. (1991). This form is closely
related to theoretical forms of the PR, where a ¼ 0 gives
the theoretical PR for Bragg Scattering and a ¼ 2 results
in Kirchhoff scattering. Several different values for
a have been suggested in the past considering
RADARSAT-1 SAR data; they vary between 0.4 and
1.2 (Horstmann et al. 2000b; Vachon an Dobson 2000;
Monaldo et al. 2002). Comparisons of RADARSAT-1
SAR data of different SAR–processing facilities showed
that the different findings of a are most likely due to the
different calibrations of RADARSAT-1 SAR data.

In Fig. 2 an ERS-1 SAR image acquired on the 8.
September 1995 of the Danish island Bornholm in the
Pomeranian Bay of the Baltic Sea is depicted. Super-
imposed on the image are the wind vectors (black
arrows) resulting from the LG method and the CMOD4
model as well as the wind directions resulting from the
FFT method. The directional ambiguity of the wind
directions can be removed due to the visible
wind-shadowing effects of Bornholm. The easterly wind
directions and wind speeds �8 ms�1 agree well with the
observations from weather charts. Comparison of the
LG method with the FFT method show in some places
significant differences and in all cases the LG method
shows the more realistic results. For this reason, the LG
method will be used in this study to retrieve wind
directions from the ENVISAT ASAR imagery.

4 Comparison of SAR wind fields with an atmospheric
model

To show the applicability of wind-field retrieval utilizing
ENVISAT ASAR data, 12 ScanSAR image datasets

acquired over the North Sea were considered. Of these
12 ScanSAR images, 6 were acquired at VV and 6 at HH
polarization, respectively. For comparison with the
SAR-derived wind fields, results from the DWD model
were utilized, which represent 6 h analyzed wind fields
and were interpolated to the SAR acquisition time. The
SAR wind fields were retrieved from the area corre-
sponding to the grid cell in the DWD model output,
resulting in an average grid cell size of approximately
45 · 75 km. Prior to the wind retrieval, all pixels rep-
resenting land and artefacts not due to the local wind,
such as current shear and surface slicks, are masked.
This process includes the assessment of digital maps and
thresholds resulting from the wind-retrieval algorithm
(Koch 2004). The directional ambiguities of the SAR-
retrieved wind directions were removed by considering
wind shadowing as well as weather charts. The resulting
wind direction, mean NRCS and mean incidence angle
of each grid cell are taken as input to the wind-speed
retrieval algorithm for VV or HH polarization, respec-
tively.

Figure 3 shows an ENVISAT ASAR image of the
southern North Sea and Strait of Dover acquired on
December 1, 2002 at 10:02 h UTC in the ScanSAR
mode with VV polarization in transmitting and receiv-
ing. Superimposed on the image are the wind vectors as
retrieved from the SAR image (white arrows) and
resulting from the DWD model (black arrows) . The
wind direction ambiguities could be removed due to the
wind shadowing, which is especially visible on the north
coast of Germany. The contrast-enhanced cutout (lower
right of Fig. 3) shows the coastal wind shadowing in
more detail. In most parts of the image the SAR-
retrieved winds agree very well with the DWD model
results in both magnitude and direction.

Fig. 2 ERS-1 SAR subim-
age of Bornholm situated in
the Pomeranian Bay of the
Baltic Sea. The image was
acquired on the 8. Septem-
ber 1995 at 10:02h UTC
during moderate easterly
winds. The yellow superim-
posed wind vectors were
retrieved using the local
gradient method for wind
directions and the CMOD4
model for wind speeds. The
dotted bars represent the
wind directions resulting
from the fast-Fourier trans-
form method
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In Fig. 4 an ENVISAT ASAR image of the southern
North Sea is depicted, which was acquired on December
14, 2002, at 09:53 h UTC in the ScanSAR mode with
HH polarization in transmitting and receiving. Again,
the wind-direction ambiguities could be removed due to
the wind shadowing visible in the SAR image, especially
on the west coast of Germany, as can be seen in the
contrast-enhanced cutout of Fig. 4. The wind directions
agree very well in most parts of the area considered;
however, wind speeds are slightly underestimated in
most parts of the image.

In a next step all SAR-retrieved wind vectors were
compared to the DWD model winds. The resulting
scatterplot is shown in Fig. 5a, where DWD model wind
directions are plotted versus SAR-retrieved wind direc-
tions. The resulting correlation in wind direction is 0.95
with a bias of )6.1� and a standard deviation of 18.9�.
This is very similar to the wind-direction error of 15�
achieved by the SCAT aboard ERS (Quilfen et al. 1998).
Comparison of DWD model wind speeds to SAR-
retrieved wind fields utilizing the SAR-retrieved wind
directions (Fig. 5b) resulted in a correlation of 0.87 with
a negligible bias and a standard deviation of 2.5 ms)1.
Overall, the comparison of DWD- and SAR-retrieved
wind speeds do not show a good consistency, which is
most likely due to the resolution of the DWD model,

Fig. 3 ENVISAT ASAR image acquired on 1. December, 2002
with vertical (VV) polarization in transmit and receive, showing the
southwest of the North Sea. White arrows represent the wind
vectors resulting from the SAR data and black arrows those from
the model of the German weather service (DWD). The contrast-
enhanced cutout (lower right) shows the wind shadowing due to the
German coast

Fig. 4 As Fig. 3, however acquired on 14. December, 2002 with
horizontal (HH) polarization in transmit and receive, showing the
southern North Sea

Fig. 5a,b Scatterplots giving
the comparison of results
from the DWDmodel versus
colocated results from
ENVISAT ASAR images.
Results of wind directions
are given in a and wind
speeds in b
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which is too coarse for resolving wind shadowing as well
as other small-scale features that occur especially near to
the coasts. Also the excellent consistency of wind speeds
retrieved from colocated SAR and the European Centre
for Medium-Range Weather Forecast (ECMWF) model
runs (showing a standard deviation of 1.6 m s)1)
(Horstmann et al. 2003) supports this assumption.

It was already stated that wind speeds retrieved from
the ScanSAR image shown in Fig. 4 are slightly lower
than the DWD model results. This could be due to too
large a choice of a in Eq.(2), which leads to lower SAR
wind speeds. However, the statistics from the wind-
speed comparison between DWD model results and
ScanSAR HH polarized results show no significant bias
and therefore no need to change a.

5 Conclusions and outlook

An algorithm for retrieval of wind fields from SAR
imagery acquired at C band with either VV or HH
polarization in transmitting and receiving has been
introduced. Wind-field retrieval is a two-step process: in
the first step, wind directions are extracted from wind-
induced streaks imaged by the SAR at scales above 200
m. These streaks are assumed to be aligned wind direc-
tion and are extracted by determining the local gradient,
which is perpendicular to the streak orientation. To
resolve the 180o ambiguity, wind shadowing visible at
the coast was taken into account. In the second step,
wind speeds were retrieved using an empirical model
that gives the dependency of the NRCS on wind speed,
wind direction and incidence angle. The model was
developed for the ERS-1 SCAT operating at C-band
with VV polarization, and was extended to HH polari-
zation by considering an incidence-angle-dependent
polarization ratio.

Comparison of ENVISAT ASAR-retrieved winds
with colocated results of the atmospheric model of the
DWD showed promising results for wind directions.
However, in the case of wind speeds, the standard
deviation was 2.5 ms)1, which is most likely due to the
too-coarse model resolution that cannot resolve the
strong wind-speed variability near to the coasts. For
wind-speed retrieval from HH polarized ASAR data, the
hybrid model function consisting of CMOD4 and an
incidence-dependent polarization ratio with a ¼ 1 is a
good choice. However, an in-depth analysis investigat-
ing polarization ratio dependencies on the wind speed
and direction still has to be undertaken.
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