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Wind Retrieval over the Ocean using Synthetic
Aperture Radar with C-band HH Polarization

Jochen Horstmann, Wolfgang Koch, Susanne Lehner, and Rasmus Tonboe

Abstract—The high spatial resolution and large coverage of
satellite-based synthetic aperture radars (SAR) offers a unique
opportunity to derive mesoscale wind fields over the ocean
surface, providing high resolution wind fields near the shore. For
this purpose, algorithms were developed and tested using the
ScanSAR aboard the Canadian satellite RADARSAT-1, operating
at C-band with horizontal polarization in transmit and receive.
Wind directions are extracted from wind-induced streaks visible
on most SAR images. Wind speeds are derived from normalized
radar cross sections (NRCS) using empirical models. The models
were developed for scatterometers (SCAT) operating at C-band
with vertical polarization and must be modified for horizontal
polarization. Several available C-band polarization ratios were
considered, including theoretical and empirical forms. To verify
and improve the algorithm, wind speeds were computed from
several RADARSAT-1 ScanSAR images and compared to colo-
cated measurements from the SCAT aboard the European remote
sensing satellite ERS-2 and to the results of the Danish high
resolution limited area model (HIRLAM). Using the colocated
measurements, the polarization ratio was estimated and applied
to improve the wind retrieval algorithm. In addition, the main
error sources in SAR wind field extraction are discussed with
respect to the RADARSAT-1 ScanSAR data. Sensitivity studies
were performed under different atmospheric situations using
the modified C-band model to compute the errors due to wind
direction and inaccuracies in NRCS.

Index Terms—Backscattering, ocean surface, polarization ratio,
synthetic aperture radar (SAR), wind field retrieval.

I. INTRODUCTION

OCEAN surface wind fields are computed by meteoro-
logical models and observed from satellite-based wind

scatterometers (SCAT) with a resolution of the order of 50 km.
Neither the models nor the SCAT give accurate wind estimates
close to land because of the coarse resolution. However, to
study processes in the lower atmospheric boundary layer
and to get a better understanding of coastal processes, e.g.,
currents, waves, wind, their interaction, and related transport
processes, a much finer spatial resolution is needed. The high
costs of conventional ground truth measurements limits their
application to small areas and short time periods.
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The high resolution and large spatial coverage, together
with the all-weather capability of synthetic aperture radars
(SAR) offer a unique opportunity to extract ocean surface
wind fields. At the Danish Meteorological institute (DMI),
Copenhagen, Denmark, the images acquired by the scanning
SAR (ScanSAR) aboard the Canadian satellite RADARSAT-1
are the major source for the operational mapping of sea ice.
Additional information on the mesoscale wind field is needed
for interpretation of the images in open waters discriminated
from ice infested areas and to predict the variation of the ice
drift velocity [1], [2]. The ScanSAR acquires images of an area
of approximately 500 km 500 km with a spatial resolution
of m. It operates at 5.3 GHz (C-band) with horizontal
polarization in transmitting and receiving (HH) at moderate
incidence angles between 20–50. For these incidence angles,
the radar backscatter of the ocean surface is dominated by
Bragg scattering from cm-scale surface roughness, which is
in resonance with the incidence radiation of the radar [3], [4].
The resonant wavenumber is related to the electromagnetic
wavenumber according to

(1)

where is the incidence angle of radar beam. This small-scale
roughness is strongly influenced by the local wind field and
therefore allows the radar backscatter to be a measure of wind
parameters.

In the past few years, much effort has been undertaken in
the derivation of wind vectors from SAR images. The wind
direction can be estimated by measuring the orientation of the
wind-induced streaks visible in most SAR images [5]–[7]. For
wind speed retrieval, two main approaches are pursued. In the
first, wind speed is estimated by measuring the normalized
radar cross section (NRCS), incidence angle, and wind direc-
tion [8]–[11]. For this purpose, the NRCS must be accurately
calibrated and a wind retrieval model function is required
that relates the ocean surface wind speed to the NRCS, the
local incidence angle of radar beam and wind direction. In
the second method, wind speed is estimated from the spectral
width of the image spectrum in flight direction (azimuth)
[12]. For this method, a model is needed that describes the
relationship between the spectral width of the azimuth spec-
trum, the ocean wave spectrum, and the wind speed. These
methods have been applied to SAR images of the European
remote sensing satellites ERS-1 and ERS-2 [13], [14]. Due to
the insufficient resolution of RADARSAT-1 ScanSAR images,
wind speed must be retrieved following the NRCS method
taking the different polarizations into account. First attempts
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using RADARSAT-1 ScanSAR images for wind speed retrieval
have been performed by Thompson and Beal [15], [16] and
Horstmannet al. [17], showing an overestimation of the wind
speeds, mainly due to the lack of calibration of the ScanSAR
data available at that time.

There are several empirical wind retrieval models available,
which were specially developed for the ERS-1 SCAT operating
at C-band with vertical polarization in transmit and receive
(VV). For this work, we focus on the CMOD4 model [18]. The
CMOD4 is very similar to the CMOD_IFR2 model [19], and
most algorithms for C-band SAR wind retrieval are based on
them. However, such well developed and verified models do
not exist for the HH polarization of RADARSAT-1. Therefore
a hybrid model is used which is based on the empirical C-band
models and on theories and measurements of polarization
ratios.

The main objective of this work is to improve and verify the
wind retrieval from RADARSAT-1 ScanSAR data. Therefore,
comparisons of RADARSAT-1 ScanSAR to colocated ERS-2
SCAT measurements and modeling results of the Danish high
resolution limited area model (HIRLAM) were performed. In
addition, the ScanSAR data allows one to study the C-band
polarization ratio dependencies on incidence angles and wind
speeds and to verify the HIRLAM model. A further topic is the
investigation of error sources in wind retrieval from SAR. For
this purpose, sensitivity studies were carried out to estimate the
errors in wind speed due to inaccuracies of the NRCS and to
uncertainties in wind direction with respect to RADARSAT-1
ScanSAR measurements.

II. I NVESTIGATED DATA SETS

The SAR images were all acquired by the Canadian Earth
observation satellite RADARSAT-1 in the waters around the
south part of Greenland. RADARSAT-1 operates in a near
circular sun synchronous orbit at an approximate altitude
of 800 km. For this study, the HH polarized C-band SAR
aboard RADARSAT-1 was operated in the ScanSAR wide
swath mode having the largest possible range of incidence
angles between 20–50perpendicular to flight direction. All
ScanSAR data were processed by the Gatineau Processing
Facility, Canada, into calibrated SAR images. A ScanSAR wide
swath comprises four beams (W1, W2, W3, and S7), which
cover four areas in range with sequential scans. Each processed
image covers an area of approximately 500 km500 km with
a pixel size of 50 m. The resolution of the four beams differs
from 86.5–146.8 m in range and 93.1–117.5 m in azimuth.
Since February 1999, the RADARSAT-1 ScanSAR beams
processed at Gatineau have been calibrated with a nominal
radiometric accuracy of 1.35 dB [20], although in specific
areas with the occurrence of scalloping, an effect caused by a
too high variation in the satellite yaw angle, calibration may
degrade further. Additional calibration errors can occur due
to saturation of the analog to digital convertor (ADC), which
leads to a loss in signal power and in consequence to an
underestimation of the NRCS. So far, radiometric calibration
of ScanSAR images is extremely difficult to perform and
requires considerable attention. The geometric accuracy of

the ScanSAR data are in the order of approximately 100 m.
The RADARSAT-1 ScanSAR data were transformed to NRCS
with a calibration scheme proposed by Shepherd [21], which
compensates for the scaling performed during processing and
incidence angle dependencies.

The ERS-2 SCAT also operates from a circular sun syn-
chronous orbit at C-band, although with VV polarization.
The ERS-2 SCAT transmits and receives the signal at three
antennae orientated at 45forward, perpendicular, and 45
backward with respect to the satellite flight track. The ERS-2
SCAT covers incidence angles between 18–59illuminating a
swath of 500 km. The spatial resolution is45 km, and each
data area is viewed from the three directions with different
incidence angles. The ERS-2 SCAT data are processed by the
European Space Agency (ESA), Noordwijk, The Netherlands,
to wind fields using the C-band model CMOD4. The resulting
wind field is available on a grid of 25 km 25 km covering a
500 km wide swath along the orbit.

HIRLAM is a mesoscale atmospheric model that is opera-
tional at the DMI. It is a semi-implicit model, with Eulerian
advection and leap frog time stepping (details are provided by
Gustafsson [22] and Wolterset al.[23]). For the Greenland area,
it was set up with a time step of 240 s and a horizontal reso-
lution of 0.45 . The analysis of the model is performed every
6 h using the optimum interpolation method, which is a statis-
tical procedure to minimize the difference between observations
and first guess from the model. The lateral boundary values for
the model are obtained from the global European Center for
Medium Range Weather Forecast (ECMWF) model.

For this study, ten RADARSAT-1 ScanSAR images of the
ocean surface were collected around Cape Farewell, located at
the southern tip of Greenland (59–61N, 38–48 E between Jan-
uary and August 1999 at2030 UTC. For five of the ScanSAR
images, colocated ERS-2 SCAT wind fields were available, all
acquired at 0100 UTC approximately 4.5 h after the ScanSAR
image. Results of the HIRLAM model were available for all the
images. The HIRLAM data were available at 2100 UTC as 3-h
forecast retrieved from the 1800 UTC analysis and fit the time
of ScanSAR acquisition quite well.

III. SAR WIND RETRIEVAL

The wind direction can be derived from the orientation of
wind-induced streaks, such as boundary layer rolls in the atmos-
phere, visible in most SAR images [7]. Therefore SAR subim-
ages are transformed into the wavenumber domain, where the
wind direction corresponds to the direction perpendicular to the
line connecting the maxima of spectral energy. A spectral filter
is applied for wave lengths between 500–1500 m to distinguish
wind-induced stripes from ocean waves and from larger scale
atmospheric structures such as atmospheric gravity waves. Due
to the symmetry of the spectrum, the wind direction can only
be computed with a 180ambiguity. The algorithm shows good
results applied to ERS-1 and ERS-2 SAR images [7], [24]. How-
ever, application of the method to RADARSAT-1 ScanSAR im-
ages failed in many cases. This is mainly due to the inadequate
spatial resolution of the images. Therefore, the additional use of
other information such as atmospheric models, weather charts,
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or measurements are recommended when using RADARSAT-1
ScanSAR images.

For derivation of wind speeds from SAR images, the local
NRCS, incidence angle of radar beam, and wind direction with
respect to the antenna look direction are needed as input into our
algorithm. The algorithm is based on the inversion of a C-band
model function relating the NRCS of the ocean surfaceto
wind speed and wind direction versus look direction ac-
cording to

(2)

where , , , and are coefficients that in general depend
on radar frequency, polarization, and incidence angle. These
coefficients were determined empirically in the cases of the
model functions CMOD4 and CMOD_IFR2 by evaluation
of ERS-1 SCAT data and wind fields from the ECMWF. For
the CMOD_IFR2 model, buoy measurements of the National
Oceanic and Atmospheric Administration (NOAA), Wash-
ington, DC, were considered in addition. Both models have
been applied successfully to ERS-1 and ERS-2 SAR images
[10], [6], [5], [11]. So far there are no similarly well-developed
and validated C-band models for HH polarization available
so that the models previously discussed had to be modified
using the C-band polarization ratio. In the range of moderate
incidence angles (20–70), the backscatter for VV polarization
is larger than for HH polarization [25]. The C-band polarization
ratio has been measured with an airborne SCAT by Unalet al.
[26] for incidence angles of 20, 30 , and 45 for wind speeds
from 2–14 ms . Their work shows that the ratio, defined as
VV/HH hereafter, is mainly dependent on incidence angles, and
for wind speeds below 6 ms, a wind speed dependency was
also observed. Thompsonet al. [27] proposed a polarization
ratio model independent of wind speed and fitted the model to
the data of [26]. The model has the following form:

(3)

Here, is the HH polarized NRCS, is the VV polar-
ized NRCS, is the incidence angle, andis a constant which
was set to 0.6, fitting the data of Unalet al. [26] quite well.
Changing in (3) to 0 gives the theoretical polarization ratio
for Bragg scattering, and settingto 1 results in Kirchhoff scat-
tering. The basic assumption of Kirchhoff scattering is that the
plane-boundary reflection occurs at every point on the surface
[28], [29]. A further model was suggested by Elfouhaily [30]

(4)

The polarization ratios of (3) with of 0 (Bragg scattering), 0.6,
and 1 (Kirchhoff scattering) are plotted in Fig. 1 together with
the ratio of (4).

IV. COMPARISON OFWIND SPEEDSFROM SCANSAR

TO ERS-2 SCAT

For a first comparison, the RADARSAT-1 ScanSAR scene
acquired on April 21, 1999 at 2037 UTC showing the area and

Fig. 1. C-band polarization ratios are plotted versus incidence angles using the
model functions from (3) and (4).

ocean surface around the south part of Greenland was used.
Along the east coast of Greenland, a 20–30 km wide ice belt
is clearly visible (Fig. 2), which is known to flow southward
around Cape Farewell into the Julianehaab Bay situated at the
southwest coast of Greenland. Most of the area in the Juliane-
haab Bay is also covered by sea ice, which opens up to the west
of the bay. According to the analyzed weather charts, there are
easterly winds with low wind speeds that increase toward the
south. Furthermore, there is a wind front just south of Cape
Farewell which can be seen in the image. Southwest of Cape
Farewell there are streaks visible in the ScanSAR image which
are due to wind and indicate the mean wind direction in the area
( 65 ).

Wind speeds over the ocean surface were computed from the
ScanSAR data using the hybrid model function composed of the
CMOD4 model and polarization ratio according to Thompson
et al. [27]. To reduce the effect of speckle, discussed in Sec-
tion VI, the NRCS and incidence angles of the ScanSAR image
were averaged over 2 km 2 km. For this comparison, the
wind direction was set to 75, which is the mean wind direc-
tion retrieved from the colocated ERS-2 SCAT measurements
acquired 4.5 h later varying between 59–89. The mean wind di-
rection agrees well with the mean orientation of the large scale
streaks visible in the ScanSAR image and to the wind direc-
tion from the weather chart. Fig. 2 shows a wind speed map
where the color scale of the image represents wind speeds be-
tween 0–20 ms as computed from the ScanSAR data. Cor-
responding wind speeds measured from the ERS-2 SCAT are
represented by superimposed squares in the same color scale.
Over the entire image, the ScanSAR derived wind speeds are
significantly higher than the measurements from ERS-2 SCAT.
The decrease of wind speed in the near range of the image (0–70
km) is an artifact observed in most investigated ScanSAR im-
ages and is most likely due to ADC saturation which occurs es-
pecially in near range at high wind speeds. Also at a distance of
392 km in range, a nadir range ambiguity line (a SAR artifact)
is observed over the entire flight direction. However, it is ob-
vious that the relative wind variation over the whole region has
the same trend for both sensors which shows that ScanSAR is
capable of mapping small scale variations.
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Fig. 2. Wind speed map extracted from the scanning synthetic aperture radar (ScanSAR) wide swath data of the Canadian satellite RADARSAT-1. The image
was acquired on April 21, 1999 at 2035 UTC, showing the area around the south part of Greenland. The color scale of the image gives the wind speed which
was computed from the ScanSAR data with a fixed wind direction of 75, using the hybrid model function composed of the CMOD4 and the polarization ratio
according to Thompsonet al.The color scale of the superimposed squares represent the wind speeds measured by the scatterometer (SCAT) aboard the European
Remote Sensing satellite ERS-2 approximately 4.5 h later. © Danish Meteorological Institute and RADARSAT International.

In a next step, wind speeds from ScanSAR and ERS-2 SCAT
are compared point by point on the same grid. For this purpose,
the NRCS and incidence angles of the RADARSAT-1 ScanSAR
images are averaged over 25 km25 km on the grid used by the
ERS-2SCAT.TheScanSARNRCSandincidenceanglesareused
together with the wind direction from the corresponding ERS-2
SCAT grid cell as input to the hybrid model function to derive
the wind speed. In Fig. 3, the resulting ScanSAR wind speeds are
plotted versus the corresponding ERS-2 SCAT wind speeds. The
stars represent the results of grid cells which are open water dom-
inated by the wind while the squares are associated to grid cells
which are affected by other ocean surface features, i.e., sea ice.
The main statistical parameters of this plot are listed in Table III.
The correlation is 0.65 and the bias of 3.69 msshows that wind

speedscomputed fromScanSARaresignificantlyhigher than the
measurements from ERS-2 SCAT. The comparison indicates an
error in the applied transfer function which is most likely due to
thechoiceofC-bandpolarizationratio.Accordingtotheseresults,
thepolarizationratio isoverestimated,makingtheestimatedwind
speed too high. To get an estimate of the polarization ratio and its
dependencies, the NRCS for VV polarization has to be computed
ateachpointoftheRADARSAT-1ScanSARimage.Ateachpoint
of the grid, the ERS-2 SCAT wind speed and wind direction mea-
surement are put together with the ScanSAR incidence angles as
input to the CMOD4 model, which then gives an estimate of the
VV polarized NRCS. Taking the corresponding NRCS from the
ScanSARHHpolarizeddatatheVV/HHpolarizationratioofeach
grid cell is derived.
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Fig. 3. Scatter plot of wind speeds retrieved from the RADARSAT-1 ScanSAR
image from April 25, 1999, and the colocated ERS-2 SCAT data acquired 4.5
h later. Wind speeds from ScanSAR were computed with the hybrid model
function consisting of the CMOD4 and the polarization ratio according to the
model of Thompsonet al.As input to the hybrid model, the NRCS and incidence
angles were taken from the ScanSAR data and the wind direction from the
ERS-2 SCAT measurements. The stars represent measurements of the areas
where the backscatter was dominated by the wind, while the squares indicate
data that were neglected mainly due to the presence of sea ice. The dotted line
gives the regression of all considered points denoted by the stars.

TABLE I
STATISTICAL PARAMETERS OF THECOMPARISON OF THESCATTER

PLOT SHOWN IN FIG. 3

For the ten ScanSAR scenes, five colocated ERS-2 SCAT
measurements were available, and for each of the five scenes
the corresponding weather charts were analyzed with respect to
the development of the weather situation between acquisition
of the ScanSAR and ERS-2 SCAT data. The analysis of the
weather charts for January 30, 1999 shows very high wind
speeds up to 30 ms (beyond the limits of calibration of
CMOD4) and strong changes in wind speed and direction with
time so that these data were omitted in the investigations. Data
of four ScanSAR scenes and their colocated ERS-2 SCAT data
where considered, which cover a wide range of wind speeds,
wind directions, and incidence angles.

In Fig. 4, the resulting VV/HH polarization ratio is plotted
versus incidence angle between 20–50and in Fig. 5 versus
wind speed. Again, stars represent results of areas where the
backscatter is dominated by the wind, and the squares indicate
data that were strongly affected by features not caused by the

Fig. 4. Dependency of the C-band VV/HH polarization ratio on incidence
angles. The HH polarized NRCS is derived from the RADARSAT-1 ScanSAR
image. Taking the wind speed and direction from ERS-2 SCAT together with
the incidence angle from the RADARSAT-1 ScanSAR data, the VV polarized
NRCS is derived using the CMOD4 model.

Fig. 5. Dependency of the C-band VV/HH polarization ratio on wind speed
derived as in Fig. 4.

wind. For comparison the theoretical polarization ratio depen-
dencies and the best fit are plotted. There is a significant change
of polarization ratio over the entire range of incidence angles. In
the near range of the image (20–30), a decrease of polarization
ratio with incidence angles is observed that does not agree with
the theoretical ratios. For incidence angles between 30–40, the
ratio is nearly constant, and for larger incidence angles, a dis-
tinct increase of polarization ratio is seen. The decrease of po-
larization ratio in near range cannot be explained by the the-
oretical approaches and is most likely due to ADC saturation,
already observed earlier in this paper. For higher incidence an-
gles, the polarization ratio shows the same trend as from Kirch-
hoff scattering and as the approach of Elfouhaily [30]. Similar
results were observed by Vachonet al. [31], who fitted in (3)
to 1.2 for incidence angles between 20–48, using well cali-
brated RADARSAT-1 SAR images. From the plot of Fig. 5, no
dependency on wind speed can be resolved. However, the large
scatter indicates that another parameter dominates the depen-
dency on polarization ratio. According to the previous observa-
tion, the model proposed by Thompsonet al.[27] overestimates
the polarization ratio resulting in too high wind speeds from
ScanSAR. For that reason, the comparison of the four ScanSAR
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Fig. 6. Wind speeds derived from four ScanSAR images versus the
corresponding ERS-2 SCAT data. Wind speeds from ScanSAR were computed
with the hybrid model function consisting of the CMOD4 and the polarization
ratio according to Kirchhoff scattering. As input to the model, the NRCS and
incidence angles were taken from the ScanSAR data and the wind direction
from the ERS-2 SCAT measurements. Stars represent results from areas that
were mainly influenced by the wind. Squares represent results that were
strongly affected by sea ice or other phenomena. The dotted line gives the
regression of all considered points denoted by the stars.

TABLE II
STATISTICAL PARAMETERS FROM COMPARISONBETWEENWIND SPEEDFROM

FOUR SCANSAR SCENES AND THECOLOCATED ERS-2 SCAT MEASUREMENTS

images to ERS-2 SCAT measurements is performed using the
polarization ratio given by the Kirchhoff scattering model. The
wind speeds from ScanSAR were computed using the NRCS
and incidence angle from ScanSAR together with the wind di-
rection of each corresponding ERS-2 SCAT measurement as
input to the hybrid model. In Fig. 6, the scatter plot is shown of
1023 colocated samples, of which 240 were neglected due to sea
ice or significant calibration errors visible in the image (at kilo-
meter 392 in range). The corresponding main statistical param-
eters are listed in Table II. Although the ScanSAR and ERS-2
SCAT data are acquired 4.5 h apart the results are in fair agree-
ment, having a correlation of 0.62 with nearly no bias. These
results show the applicability of RADARSAT-1 ScanSAR for
wind speed retrieval, though efforts for better calibration have
to be undertaken.

V. COMPARISON OFSCANSAR TO HIRLAM

To test the applicability of the hybrid model function for a
large range of wind situations, a comparison was performed
using a larger data set. In the Cape Farewell area, ten ScanSAR

Fig. 7. Wind speeds retrieved from nine RADARSAT-1 ScanSAR images
are plotted versus the corresponding wind speeds resulting from the HIRLAM
model. Wind speeds were computed with the hybrid model function considering
the polarization ratio according to Kirchhoff scattering. As input to the model,
the NRCS and incidence angles were taken from the ScanSAR data and the
wind direction from the HIRLAM model. The dotted line gives the regression
of all considered points denoted by the stars.

Fig. 8. Same as in Fig. 7, except that the polarization ratio according to the
best fit from Fig. 7 was used in the hybrid model.

scenes were acquired between January and August 1999 that
were processed at Gatineau, PQ, Canada, having an accept-
able accuracy of the NRCS for the purpose of wind speed re-
trieval. All images were acquired at approximately 2030 UTC
and compared to the HIRLAM forecast of 2100 UTC. Again,
the ScanSAR scene from January 30, 1999 was omitted due
to the high wind speeds that are beyond the limits of applica-
bility of the CMOD4. For this comparison, the ScanSAR im-
ages were averaged to the grid of HIRLAM, resulting in an av-
erage grid cell size of approximately 28 km55 km. Again,
wind speeds were retrieved from ScanSAR using the hybrid
model function. The comparison was performed considering
the polarization ratio according to Kirchhoff scattering and the
best fit retrieved in Section IV from ScanSAR and the corre-
sponding ERS-2 SCAT measurements (Fig. 4). For each grid
cell, the wind speeds were derived using the NRCS and inci-
dence angle from the ScanSAR, together with the wind direction
from the HIRLAM model. In Fig. 7, wind speeds retrieved from
ScanSAR, assuming the polarization ratio according to Kirch-
hoff scattering, is plotted versus wind speed from HIRLAM.
The same scatter plot is shown in Fig. 8, where the polariza-
tion ratio resulting from the best fit was used for wind speed re-
trieval. Both plots look very alike, though the scatter of Fig. 8 is
lower. In Table III, the main statistical parameters are listed for
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TABLE III
STATISTICAL PARAMETERS FROM COMPARISONBETWEEN WIND SPEEDS

FROM NINE RADARSAT-1 SCANSAR IMAGES AND RESULTS OF THE

HIRLAM M ODEL. WIND SPEEDSFROM SCANSAR WERE RETRIEVED

CONSIDERINGTHREE DIFFERENTPOLARIZATION RATIOS, ACCORDING TO

KIRCHHOFFSCATTERING, MODEL OF ELFOUHAILY et al., AND BEST FIT

FROM FIG. 4 UPPERPLOT

the comparison of wind speed assuming the polarization ratios
according to Kirchhoff scattering, model of Elfouhaily, and the
best fit. The correlations of the comparison between ScanSAR
and HIRLAM is for all of the three ratios 0.74 and signifi-
cantly better than the correlation of 0.62 resulting from the com-
parison to ERS-2 SCAT. This is most likely due to changes of
the wind situation in the 4.5 h time difference. However, the re-
sults using the two polarization models are quite similar, and we
cannot conclude which model is better. Comparison of the ap-
plied polarization ratios show significantly better coincidence
between ScanSAR and HIRLAM winds when using the ratio
retrieved from the best fit.

In the next step, the difference in wind speed between
ScanSAR and HIRLAM is derived for each ScanSAR image
at every grid cell. The results are coded in grey levels and
plotted at its location in the ScanSAR image. In Fig. 9, the
ScanSAR image acquired on April 21, 1999 is shown. The
grey scale of the image represents the NRCS of the ScanSAR
data, and the grey scale of the superimposed squares represents
the difference in wind speed between ScanSAR and HIRLAM.
The main differences in wind speed occur in near range of the
image (between 0–70 km), in the lee of the coast, and near
to the front (indicated by the white arrows). The first is most
likely due to calibration inaccuracies in near range. However,
the other two phenomena cannot be caused by calibration errors
or a wrong choice of the transfer function. In eight of the ten
studied ScanSAR images, the wind speed in near range was
significantly underestimated. In all images, distinct differences
in wind speed were observed near the coast, especially in
the presence of wind shadowing, which shows that ScanSAR
can significantly improve the information on the wind field,
especially in such unattainable areas.

VI. ERRORESTIMATION

When computing wind speeds from ScanSAR with the
C-band hybrid model function, the accuracy is strongly depen-
dent on the inputs to the algorithms, NRCS, wind direction,
and incidence angle. The error in wind speed due to error in
incidence angle is negligible because it can be computed very
precisely from the ScanSAR data. Main errors are caused by the

Fig. 9. RADARSAT-1 ScanSAR image acquired on April 21, 1999. The
image represents the NRCS of the ScanSAR data, and the grey scale of
the superimposed squares represents the difference in wind speed between
ScanSAR and HIRLAM. The white arrows point at a front imaged by the
ScanSAR. ©Danish Meteorological Institute and RADARSAT International.

effect of speckle, uncertainty in wind direction, and calibration
accuracy of NRCS. The granular appearance of SAR images is
the effect of speckle. It is a small-scale fluctuating component
of the backscatter [32] and is attributed to interference effects
that occur from scattering of coherent electromagnetic waves
by rough surfaces. In the case of RADARSAT-1 ScanSAR
images, the backscatter variation caused by speckle can be up
to 3 dB on a single pixel. For ScanSAR images, the variance
of NRCS for grid cell sizes below 2 km is primarily caused
by speckle and therefore should not be interpreted as wind
variation. To reduce the effect of speckle, the NRCS of the
images must be averaged over at least 2 km2 km.

More important is the necessity to have information on wind
direction for retrieval of the wind speed. The NRCS is strongly
dependent on wind direction and therefore, uncertainties in wind
direction can lead to significant errors in wind speed. The rela-
tive error in wind speed is plotted in Fig. 10 assuming an un-
certainty in wind direction of 10 . The computations were
performed for incidence angles of 20, 35 , and 50, using the
CMOD4 with the Kirchhoff model polarization ratio. The error
is plotted for wind speeds between 2–30 ms, and wind di-
rections from 0 (upwind) to 180 (downwind) clockwise from
radar look direction. The largest relative errors result from wind
directions near to 45and 135, respectively, and near to 225
and 315, due to the symmetry of the hybrid model function.
With increasing incidence angles and for low wind speeds, the
error increases, although for higher wind speeds, there is a dis-
tinct decrease of error with increasing incidence angles.

The error in wind speed due to the accuracy of the NRCS is
strongly dependent on the sensor performance and its calibra-
tion. In Fig. 11, the error in wind speed is plotted assuming an
accuracy of 0.5 dB. The computations were performed with
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Fig. 10. Computed relative error in percentage of wind speed due to an
uncertainty in wind direction of�10 for incidence angles of 20, 35 , and
50 . The error was computed for wind speeds between 2–30 msand wind
directions from 0 to 180.

the same model and the same ranges of input parameters used
for the results of Fig. 10. The relative error decreases signifi-
cantly with increasing wind speed and is slightly lower for cross
wind than for up- and downwind. This behavior also occurs for
increasing incidence angles, though the error decreases signifi-
cantly with increasing incidence angle. However note, that in
case of RADARSAT-1 ScanSAR the error of NRCS can in-
crease significantly, e.g., in near range due to power loss and
at the range ambiguity lines.

VII. CONCLUSIONS

In this paper, a hybrid model function was presented and
tested to derive wind speeds from calibrated C-band HH
polarized RADARSAT-1 ScanSAR images. The hybrid model
function is based on the C-band model CMOD4, which was
developed for VV polarized ERS-1 SCAT, and an additional
term that includes the polarization ratio. To improve and
validate the algorithm, a data set was collected around the
south part of Greenland consisting of ten RADARSAT-1
ScanSAR images, colocated results of the 2100 UTC forecasts
of HIRLAM and five colocated ERS-2 SCAT measurements.
Using the ScanSAR and ERS-2 SCAT measurements, which
were acquired 4.5 h later, the polarization ratios were derived
and their dependency on incidence angle and wind speed
were investigated. The best fitting theoretical polarization
ratios were according to Kirchhoff scattering and an extended
model proposed by Elfouhailyet al. [30]. However, there were
significant differences between the empirical estimated and the
theoretical polarization ratios, so a ratio was fitted to these data.
Using the CMOD4 in combination with the polarization ratio
according to Kirchhoff scattering, wind speeds were derived

Fig. 11. Computed relative error in percentage of wind speed due to an
uncertainty in NRCS of�0.5 dB for incidence angles of 20, 35 , and 50 .
The error was computed for wind speeds between 2–30 msand wind
directions from 0 to 180.

from ScanSAR and compared to ERS-2 SCAT measurements.
An overall correlation of 0.62 was found and ScanSAR re-
trieved wind speeds were especially overestimated at high wind
speeds ( 13 ms ). A further comparison was performed with
the colocated HIRLAM data using the hybrid model function
with the polarization ratios according to Kirchhoff scattering,
the model suggested by Elfouhaily [30], and to the best fit,
respectively. The resulting correlations were 0.75, 0.74, and
0.80 with a bias of 0.01, 0.84, and 0.07 ms . Investigation
of the location of the largest deviations between ScanSAR and
HIRLAM results showed a significant underestimation of the
shadowing effect of Greenland by the HIRLAM model and
distinct calibration inaccuracies in the ScanSAR data especially
at near range (0–70 km), which are most likely caused by ADC
saturation. Overall calibration of RADARSAT-1 ScanSAR
data still requires particular attention to compute accurate wind
fields over the ocean surface.

Errors in wind speed due to uncertainty of wind direction and
inaccuracies in NRCS were estimated for different incidence an-
gles, wind speeds, and wind directions. The main errors in wind
speed due to uncertainties in wind direction occur near to wind
directions of 45 and 135, respectively, and near to 225and
315 . This is simply due to the azimuthal behavior of CMOD4,
with changes in wind speed with wind directions around the
given directions relative to the antenna look direction. The rela-
tive error caused by inaccuracies of the NRCS decreases signifi-
cantly with increasing wind speed and is slightly lower for cross
wind than for up- and downwind. So far, radiometric calibra-
tion is the main error source when retrieving wind speeds from
RADARSAT-1 ScanSAR data, especially at high wind speeds
in the near range of the image, where ADC saturation can occur.
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The error of wind speed caused by speckle reduces significantly
with increasing area of averaging and therefore the wind speed
resolution should be in the order of 2 km2 km. In combination
with wind directions from the HIRLAM model, wind speed er-
rors due to errors in estimated wind direction can be kept small.

Overall, the investigation shows the applicability of
RADARSAT-1 ScanSAR images for mesoscale wind speed
retrieval over the ocean surface. Their large coverage, together
with their high resolution of 2 km 2 km, gives valuable
additional information on wind fields and their variation, espe-
cially near coasts. Although calibration is so far insufficient,
the method in its present form can help analyze and improve
results of atmospheric models especially near to the coast.
For the case of the images under investigation, it was shown
that HIRLAM underestimates (probably due to insufficient
resolution of the topography) the shadowing effect behind
Greenland. The operational use of RADARSAT-1 ScanSAR
wind maps retrieved from the hybrid model function, together
with the wind directions from HIRLAM, is planned at the
Danish Meteorological Institute to help improve weather and
especially ice drift forecast in the area around Greenland.

The advanced SAR (ASAR) aboard the Environmental Satel-
lite (ENVISAT), scheduled for launch in June 2001, will be ca-
pable of operating at wide swath mode as well but with choice
of polarization. This will enable to investigate the polarization
ratio in more detail and help improve wind retrieval from SAR.
Therefore, the algorithm and methods developed in this study
are an ideal preparation for the ENVISAT era.
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