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ABSTRACT
Due to the underdetermined nature of the inverse
problem for SAR wind, ancillary information is
routinely used. Up to now one of the more mature
approaches is certainly to use radar cross section in
combination with wind information from a numerical
model into a Bayesian scheme.
In this study, we investigate the potential of using
the Doppler shift estimated from the SAR as new
information to include in the Bayesian scheme. The
output of this new wind inversion algorithm is the
optimal wind vector which minimizes the total deviation
from the input information, quantified by a costfunction derived from the Bayesian theorem of
probability. Validation of the algorithm against in situ
wind measurements shows a significant decrease of
error, compared with a simpler algorithm using only
sigma0 and model wind direction to invert the CMOD4
geophysical model function. For situations such as
fronts and cyclones, the new algorithm is seen to give a
more realistic output wind field, thanks to the Doppler
Centroid Anomaly which precisely locates sharp
changes of wind direction. Moreover an intensive
quantitative validation against ASCAT L2 wind
products (spatial resolution is 12.5 km) give reasonable
statistical results. Quantitative validation against in situ
measurements shows however that the Bayesian
algorithm performs slightly better when the Doppler
part is omitted from the cost function.
The interpretation is that whereas the Doppler shift
is very useful to detect sharp wind direction changes,
the absolute calibration of this radar quantity can
certainly be improved. As a result, when the numerical
model is very consistent with the radar cross section, the
Doppler can add noise in the inversion scheme. On the
contrary, when the numerical model is not precise
enough (in cases of rapidly changing meteorological
situations such as atmospheric fronts) the Doppler
information can be useful.
1.

INTRODUCTION

Wind speed is traditionally retrieved from SAR
backscatter using an empirical CMOD algorithm, with
wind direction obtained from external source such as a
numerical weather prediction model (NWP),
scatterometer or in-situ measurements. In some cases,
the wind direction can be estimated from the SAR
image from spectral analysis (FFT) of features aligned

with the wind, but such features are not always visible.
In addition this method gives a 180 degree ambiguity of
the wind direction. Portabella et al. (2002) introduced an
inversion algorithm derived from the Bayesian theorem
of probability to combine the normalized radar cross
section (NRCS) together with wind speed and direction
from a numerical forecast model to retrieve the “optimal
wind field”. The optimal wind vector is found for each
point of the SAR image (with pixels normally averaged
to at least 1 km to reduce noise) by minimizing a cost
function:
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where σ is the observed radar backscatter, and um and vm
are the wind vector components given by the model.
σ(u,v) is the radar backscatter predicted by a
geophysical model function (e.g. CMOD4, CMODIFR2 or CMOD5) for given (u,v). u and v are the wind
vector components to be varied in search for the
optimum solution. For computational efficiency,
Portabella et al. searched only in the vicinity of the
model wind vector, but for situations with sharp wind
variations, solutions should rather be sought for either
of the components having any value between e.g. -30
and 30 m/s.
2.

SAR DOPPLER CENTROID ANOMALY AS A
WIND ESTIMATOR

Since July 2007, ASAR Wide Swath Mode
products provided by ESA contain a Doppler Centroid
grid at a spatial resolution of roughly 4 km in range
direction and 8 km in azimuth direction. An anomaly
induced by geophysical motions at the sea surface can
then be calculated by subtracting the Doppler Centroid
as predicted with the Envisat CFI software provided by
ESA (able to do accurate orbit propagation and satellite
pointing calculations) from the measured Doppler
centroid.
The predicted Doppler is accounting for the
relative motion of the rotating earth and the satellite,
and the residual is due to surface motions relative to the
fixed earth, such as ocean currents and wave motions.
However, two strong instrumental biases are observed
in the data, and are removed by empirical corrections:
Variations in Doppler anomalies are strongly connected
to azimuthal gradients of scattering cross section within
the Doppler estimation area, as a consequence of the

algorithm used for the Doppler estimation in the SAR
processor. An empirical fit between these two quantities
is developed, and this part of the Doppler anomaly is
then subtracted. Secondly, a strong variation of Doppler
is seen with range distance, attributed to antenna
mispointing and the antenna elevation pattern. This part
is finally estimated by averaging along azimuth
direction and then subtracted.
After correcting for these instrumental biases,
one is left with the main geophysical question: how
much of the Doppler anomaly is due to currents, and
how much is due to wave orbital motion. In general this
is a very complicated question, but a very good
correlation has been found between the Doppler
anomaly and wind speed from models and NWP
analysis [Chapron et al., 2005] or scatterometers
projected into the SAR look direction [Mouche et al.,
2009]. Indeed, the small scales in the sea state which are
the steepest and the major contributors to the Doppler
signal are generally in equilibrium with the surface
wind. An empirical function has thus been developed by
co-locating a large number of ASAR Doppler anomalies
with near simultaneous ASCAT scatterometer wind
observations [Collard et al. 2008, Mouche et al., 2009].
This so-called CDOP function predicts the Doppler
anomaly at VV polarization as a function of incidence
angle, wind speed, and wind direction relative to the
SAR look direction - in analogy with the CMODfunction family which relates the radar cross section to
the same parameters. The CDOP function is plotted in
Figure 1, which illustrates the variation of the Doppler
shift with respect to wind direction relative to the
antenna look angle for incidence angles of 20° and 40°
and wind speed of 7 m/s. As expected, the Doppler shift
is zero when the wind is blowing in the azimuth
direction and maximal (resp minimal) when it blows
toward (away from) the antenna. The impact of the sea
surface wind on the Doppler decreases with increasing
incidence angle and increases with increasing wind
speed.
3.

INTRODUCTION OF THE DOPPLER
CENTROID ANOMALY IN THE BAYESIAN
SCHEME

With the availability of the CDOP function, as
described in the previous section, it is possible to also
add a term in the cost function which gives the distance
between observed and modelled Doppler anomaly as a
function of wind speed and direction for a given
incidence angle. The full cost function including
Doppler is given by:
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Figure 1: Doppler anomaly measurements from
Envisat ASAR (grey dots) plotted versus the relative
azimuth angle between the antenna look direction
angle and the wind direction for a 7 m/s wind speed
and 20 (upper) and 40 (lower) degrees incidence
angle. Wind direction is taken from co-located
ASCAT measurements. The solid lines show the
Doppler anomaly as predicted with the CDOP
geophysical model function. 0° (resp. 180°) indicates
the upwind (resp. downwind) configuration when the
wind blows toward (resp. away from) the antenna in
the range direction. 90° and 270° indicate the
crosswind configuration when the wind blows in the
azimuth direction of the antenna.
The error estimates of the model and the SAR data are
not given by the Bayesian theory, and the choice of
these values is of importance. For σ we use an error
estimate of 0.078* σobs, as suggested by Portabella et al.
(1998, 2002). For the model error we chose an error of 2
m/s for each of the components. For the Doppler
anomaly we choose 5 Hz, which is the standard
deviation we find of the Doppler anomaly for situations
with moderate wind speed blowing in the azimuth
direction. For these situations we expect geophysical
contribution to the Doppler to be negligible, and that the
signal is dominated by noise/error. A graphical
illustration of the minimization of this cost function is
given in Figure 2.

(CMOD) is required in order to predict wind speed for
given NRCS, incidence angle and wind direction
relative to the antenna look angle. The cost function is
thus written as:
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Figure 2: Illustration of cost function for an example
case with model wind speed of 5 m/s in range
direction (horizontal axis) and 3 m/s in azimuth
direction (vertical axis), NRCS of 0.1, Doppler
anomaly of 20 Hz, and radar incidence angle of 30
degrees. Upper three subfigures show respectively
model, NRCS and Doppler parts of the cost function
(Eq. 2). Lower left figure shows the sum of the
model and NRCS parts, and lower right is the full
cost function also including the Doppler anomaly.
In principle the inversion can be performed on the
original ASAR WSM backscatter field with pixel sizes
of 75 m, with the Doppler and model wind field
interpolated to the same scale. However, variations of
sigma0 at this scale are largely due to noise and speckle,
and can not be fully attributed to wind. Besides, the
computational cost is also quite large since the cost
function has to be evaluated and minimized for each
pixel. On a 4 processor Linux server with 10 GM of
RAM this inversion would take about 100 hours with
the Matlab code developed by the authors. The
inversion time drops fortunately quickly (with the
square of the pixel size) when averaging sigma0 over a
larger area. In this study, sizes of 1, 2 and 10 km have
been tested, with inversion times of respectively 30, 5
and 1 minutes for a typical ASAR scene. In this study,
only the CMOD4-function is used, alternatives are
CMOD-IFR2 and CMOD5 which would slightly change
the quantitative output, but not the principles. Forecast
wind is taken from the NCEP GFS model, available at
0.5 degree spatial resolution. The 0 or 3 hour forecast
fields are used, whichever is closest in time to the SARscene. Since the NCEP model assimilates scatterometer
winds, the "wind forecasts" over ocean are in reality
more or less scatterometer winds.
An alternative to this approach was originally
presented by Kerbaol (2007) to reduce the computing
time. The principle is to derive the possible space of
solutions for (u,v) given the NRCS and the wind
direction to be varied (from 0 to 360° with a step of 1°)
in search for the optimum solution. To this aim an
inverse version of the geophysical model function

Φ ∈ [ 0°,360°] denotes the wind direction

relative to the antenna look direction. This method
assumes that the NRCS is absolutely calibrated and no
solution can be found outside of the space of solution
given by the NRCS. This Bayesian scheme is
implemented at the resolution of the Doppler grid. Then,
once this wind vector is found, a higher (1 km)
resolution field is inverted by using only the
interpolated (onto the high resolution grid) wind
direction found by the Bayesian scheme and the NRCS
estimated at high resolution to capture the full
dynamical range of the signal in the wind speed.
4.

RESULTS

The performance of the wind inversion scheme as
outlined in the previous section (referred to as
"Bayesian scheme") is in this section evaluated, first
qualitatively, and secondly validated numerically versus
in situ measurements and scatterometer winds. Wind
calculated with CMOD4 using NCEP wind speed as
input is referred to as the "traditional scheme".
4.1.

Qualitative comparison

One example of a SAR roughness image with
corresponding Doppler anomaly field is shown in
Figure 3. The backscatter image shows a clear signature
of a sharp frontal zone, where the NCEP wind field is
turning from westerly to easterly, though at a much
smoother scale and with a misplacement of the front.
The Doppler anomaly is consistent with the
interpretation of the backscatter image; with a sharp turn
from eastwards to westwards motion from the southern
to the northern side of the front. In Figure 4, the wind
vectors output from the Bayesian algorithm both with
and without using the Doppler information are plotted
over the radar backscatter. It is seen that the wind
vectors where Doppler is used turn more sharply where
the front is located, in accordance with the manual
interpretation of the SAR image. A sharper turn of wind
direction than seen in the model is also seen for the
Bayesian output where Doppler is not used, but it is
dislocated from the frontal signature. Clearly, the
addition of the Doppler anomaly information in the
inversion scheme is important to get the correct
positioning.

Figure 3: Radar backscatter (upper) and Doppler
anomaly (lower) fields from an Envisat ASAR
WSM scene from 31 Oct 2009 20 UTC, overlaid
NCEP wind vectors. Positive Doppler values (in
Hz) indicate motion towards right, and negative
values means motion towards left. Spitsbergen is
seen in the upper right, and Bear Island is seen in
the lower right of the scene.

Figure 4: Wind vectors from the Bayesian
wind algorithm with (upper) and without
(lower) the Doppler anomaly, overlaid the
radar cross section, for the same scene as in
Figure 3.
The wind field calculated with both the
Bayesian and the traditional schemes is shown in Figure
5, and their difference is shown in Figure 6. It is seen
that there are minor differences away from the frontal
zones, but the Bayesian algorithm gives as much as 5
m/s higher wind speeds south of the front, and 5 m/s
lower wind speeds north of the front. This example
illustrates how the Doppler anomaly can add valuable
information in the case of rapidly changing
meteorological situations such as atmospheric fronts,
where the NWP errors impacts are expected to be the
strongest.

Figure 6: Wind speed difference (m/s) of Bayesian
minus traditional scheme (from Figure 5).

4.2.

Figure 5: Wind speed (m/s) and direction
calculated with the Bayesian (upper) and the
traditional (lower) wind algorithms.

Validation versus in situ measurements

The wind inversion schemes described above have
been validated against in situ wind measurements from
the Troll oil platform at 60.59N, 3.7E. Wind speed and
direction is here measured at a height of 94 meters, and
is converted to 10 m height by the data provider
(Norwegian met office, www.met.no) by multiplication
with a factor of 0.74 (valid for neutral stability). The
wind speed is given each full hour, averaged over the
last ten minutes (e.g. average from 11:50 to 12:00 is
given at 12:00). 141 triple co-locations are found with
SAR images and NCEP model fields for 2009.
The root-mean-square deviation (RMSD)
versus the in situ measurements is plotted in Figure 7
for several different algorithms, for radar backscatter
and Doppler anomaly averaged/interpolated over 1, 5
and 10 km areas. The RMSD decreases when averaging
the NRCS over a larger area for all of the schemes. The
Bayesian scheme shows a clear improvement compared
to the traditional scheme, with RMSD of respectively
1.5 and 1.85 for 1 km wind cell, and similar
improvement when averaging over larger areas.

Figure 7: Root-mean-square-deviation against in situ
wind measurements plotted versus wind cell size for
several different wind algorithms as described in the
text.
Taking the (“true”) wind direction from the buoy as
input to the CMOD model gives only a slight
improvement (~0.1 m/s) compared to using NCEP
directions. Hence most of the improvement of the
Bayesian scheme must be due to the information of the
model wind speed, rather than the direction.
Interestingly, it is seen that the most accurate schemes
of all is by simply taking the average of the NCEP
model wind speed and the traditional algorithm
(CMOD-4 wind speed using NCEP directions). In this
case this is found to be due to a positive bias of the
traditional algorithm partly cancelling a negative bias of
NCEP. This algorithm is also very fast and trivial to
implement, as it is simply an average operation after
traditional wind retrieval, however, it does not provide
wind direction as output, like the Bayesian algorithm.
For the Bayesian method it is found that the scheme
including the Doppler (Eq. 2) is in fact slightly less
accurate than the same scheme without the Doppler (Eq.
1). At first this seems surprising, but we believe this is
due to the fact that the Doppler Centroid is not very
precisely calibrated (section 2), and therefore adds
unwanted noise to the scheme. In the general (and more
common) case when the NCEP wind direction and the
NRCS are very accurate, this thus may degrade the
scheme, whereas the noise is relatively less important
for the (less frequent) cases with rapidly changing wind,
such as the example shown in 4.1.
Histograms of the (smallest) difference
between Bayesian and traditional (hence NCEP) wind
directions are shown in Figure 8.

Figure 8: Histograms of difference between Bayesian
(upper) and NCEP (lower) wind directions
compared to observed directions for NRCS averaged
over 10 km.
As found, the wind directions output from the Bayesian
scheme are more accurate than the NCEP wind
directions, with root mean square deviation of
respectively 20.6 and 27.3 degrees. The main reason for
the lower RMSD seems to be that the Doppler
information has improved the wind direction for the
cases where the model wind direction is very wrong
(>90 degrees).
4.3.

Validation versus ASCAT L2 winds

More than 2500 SAR images have been co-located
with ASCAT winds, within less than 1 hour time
difference. For the comparison, the 1 km SAR wind is
averaged to the ASCAT L2 product resolution of 12.5
km. This intense validation exercise enables to compare
the wind speed and direction performance of the
Bayesian algorithm (when implemented as in Eq. (3))
for a wide range of wind speed/direction and incidence
angle configurations. For the wind speed, we get an rms
of 1.6 m/s and a bias of 0.3 m/s. For the wind direction,
rms is 19.9 degrees and bias is 1.4 degrees. The bias is
defined as the wind speed (or direction) from ASAR
minus the wind from ASCAT. In overall these
comparisons show results quite similar to those found
by Kerbaol (2007). This shows that in general the
Doppler anomaly does not affect significantly the
inversion results.

used for geophysical inversion by the scientific
community. As a result, the precision requirements,
which are a few Hertz for sea surface current estimation,
are not yet achieved. On the top of that, as explained in
section 2, two additional calibration steps are necessary
to clean the geophysical Doppler shifts from artifacts
due to azimuthal gradients of scattering cross section
within the Doppler estimation area, and antenna
characteristics (mispointing and elevation pattern). As a
consequence, it is not surprising that when the NRCS
and the NWP are very consistent, the inclusion of the
Doppler information can add noise in the wind
inversion. However, in particular cases where they are
not consistent, typically near fronts and cyclones, the
Doppler can be very useful in spite of this limitation.
In the future with the launch of Sentinel-1, all
Level-2 products will contain a Doppler grid at the same
(or finer) resolution as for Envisat wide swath Level-1.
The improved antenna model together with higher
bandwidth of Sentinel-1 will provide a more accurate
geophysical Doppler shift estimation. Therefore, the
Doppler centroid has to be seen as promising valuable
information for wind inversion.
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