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ABSTRACT

This paper represents a consensus on the state-of-the-art
in wind retrieval using synthetic aperture radar (SAR),
after the SEASAR 2012 workshop "Advances in SAR
Oceanography" hosted by the European Space Agency
(ESA) and the Norwegian Space Centre in Tromsg,
Norway 18-22 June 2012. We document the recent
advances of the methodologies, which are capitalizing
on the improved capabilities of the modern generation
of SAR sensors providing Doppler grid and multi-
polarizations. The many applications of SAR wind
retrieval have also benefitted from on the improved
availability of wide swath modes (~500 km) with
excellent coverage, giving much better overview of
regional and mesoscale wind features. The accuracy of
offshore wind retrieval is robust and generally in the
order of 1.5 m/s in speed and 20° in direction, whereas
the new methodologies steadily improve the
performance for the more challenging conditions near
cyclones and complex coastal topography.

1. INTRODUCTION

Synthetic Aperture Radar (SAR) is a unique resource to
measure wind over water surfaces at a spatial resolution
of a few hundred meters. The measurement principle is
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similar to scatterometers, but the improved spatial
resolution of SAR allows monitoring a wide range of
mesoscale processes not resolved by scatterometers with
their resolution of the order of 10 kilometers. The higher
resolution further allows monitoring of wind close to the
coastlines, where most of the human offshore activities
are confined. The drawback of SAR is the poorer
temporal coverage due to more narrow swaths, but this
has improved significantly over the last decade with
more sensors with wider swaths of 400-500 kilometers,
compared to typically 100 kilometers for the first
generation sensors.

Nearly 25 years since its infancy with the SEASAT
satellite launched in 1978, the application of SAR for
wind retrieval has become mature. Yet several
improvements and new methodologies have been seen
in recent years, partly capitalising on improved sensors
with several operating modes (see Table 1). A thorough
overview of the history of using SAR for wind retrieval
is given in the whitepaper from the SeaSAR workshop
in Spitzbergen in 2003 [1]. The present paper will
highlight what is new since then, still aiming to give a
complete, yet brief, overview of the current state-of-the-
art.



Traditionally, SAR wind retrieval has been based on a
single observed quantity; the co-polarized Normalized
Radar Cross Section (NRCS). Within the last decade it
has been demonstrated that two other types of resources
are also useful for wind retrieval: cross-polarized NRCS
and the Doppler Centroid Anomaly. Section 2 describes
these resources, and their theoretical and empirical
relationship to the near surface wind. In Section 3 we
show some examples of how these fundamental
relationships are used and combined for practical
retrieval of the ocean wind fields. In Section 4 we show
examples of several applications of SAR wind, and in
Section 5 we discuss the future outlook.

2. FUNDAMENTAL RELATIONSHIPS
BETWEEN SAR OBSERVABLES AND WIND

2.1. The SAR observables

Synthetic ~ Aperture  Radars  transmit  coherent
microwaves that are either vertically (V) or horizontally
(H) polarized, and form images of the NRCS (op) by
recording the backscattered signal in either of the
polarizations. If the same polarization is used for both
transmitting and receiving, the images are co-polarized
(VV or HH); otherwise the images are cross-polarized
(VH or HV). Some modern and future SAR systems
(Table 1) may transmit and submit in both polarizations
alternately, and hence provide up to four concurrent
SAR images (observables). As discussed in Section 2.3,
it has been found that co-polarized and cross-polarized
NRCS have qualitatively different relationships with the
wind. Besides using different polarizations, SAR
sensors have different wavelengths in the range of 2-30
cm (Table 1), which has been found to only make a
quantitative difference; the principles remain the same.
Examples of co-polarized and cross-polarized NRCS
images from the same SAR scene are shown in Figure
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Figure 1: lllustration of VV polarized (left) and VH
polarized (right) NRCS from a RADARSAT-2 dual-
polarization scene acquired over Hurricane ke at
2356 UTC 10 Sep 2008. RADARSAT-2 data and
product from MacDonald, Dettwiler and Associates
Ltd. Figure from Ref [60].

In addition to the NRCS images, the Doppler Centroid
anomaly is another resource available from SAR
imagery. A median (“Centroid”) Doppler shift is
calculated from the azimuthal gradient of the phase of
the return signal, and is used to provide high resolution
(~10-100 m) of the NRCS, despite antenna footprint
sizes of the order of 5 kilometers. The main contribution
to the Doppler Centroid is due to the relative motion of
the satellite and the surface of the rotating Earth, but the
anomaly obtained by predicting and subtracting this part
is found to be a useful measure of the radial (line of
sight) component of the velocity of the (ocean) surface,
which is related to both wind, waves and currents [2],
[3], [4]. The Doppler Centroid anomaly is typically
obtained with pixel sizes of the order of 5 km (similar to
antenna footprint), where accuracy can be traded versus
spatial resolution. A Doppler velocity is calculated from
the Doppler shift with the standard Doppler relation [3].
A Doppler Centroid grid will be provided with future
Sentinel-1 products, as it was for Envisat ASAR wide
swath products, but can be calculated from any Single
Look Complex SAR images using e.g. the method from

[5].

Despite the complex retrieval methods, the Doppler
Centroid anomaly can be interpreted simply as a NRCS-
weighted Doppler shift from the moving ocean surface,
as could also have been retrieved from real aperture
radars, including non-moving sensors.
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Figure 2: Envisat ASAR VV NRCS image (left) with
corresponding Doppler velocity (right) acquired over
Hurricane lke at 0130 UTC 10 Sep 2008. The
colorbar refers to the Doppler image, with positive
(negative) values indicating motion towards right
(left).



2.1.1.  Wind direction from NRCS wind
streaks

Though not a direct SAR observable, the direction of
the wind (with an ambiguity of 180 degrees) can be
obtained from streak-like features visible in NRCS
images. Atmospheric roll vortices induces lines of
increased and decreased near surface winds, which, in
turn produce lines of increased surface roughness, and
hence SAR NRCS. Also elongated convective cells,
wind-driven Langmuir cells, or the distribution of wind-
distributed surfactants may lead to visible streaks
aligned along the wind direction. [6], [7].

Wind direction may be obtained from the streaks using
Fourier transforms detecting features at scales of 600 m
to about 2 km [8], [9], [10]. Other approaches include
wavelet analysis [11], [12], estimating local gradients
on different spatial scales [13], [14], [15], [16], and
detecting the direction of the largest variance [17], [18].
All of these methods lead to a 180 degree ambiguity,
which can be resolved either by comparing with models,
detecting land shadows [9], or by using Doppler shift
[4]. The accuracy of various algorithms is in the range
of 15-40 degrees [7].

2.2. Physical models

Physical modelling of the relationship between the SAR
observables and near surface wind speed requires
solving two independent problems:

1. Determination of the ocean surface wave
spectrum based on wind speed and other
geophysical parameters.

2. Calculation of the electromagnetic signals
received by the SAR from the ocean surface
for the given wave spectrum and satellite
configuration.

The wave spectrum calculated in the first step must be
directional (2D) in order to take into account various
SAR look directions in the second step, and its accuracy
around the radar wavelength (~2-20 cm) is of particular
importance. In the simplest case, the wave spectrum can
be determined by semi-empirical models taking as input
only the wind speed and eventually wave-age
(steepness), such as the widely used model of [19]. A
more advanced physical model for the wave spectrum is
used by [20], allowing investigation of the sensitivity to
atmospheric stability, water temperature/viscosity and
surface dampening coefficients, as well as the spatial
variations of the same parameters.

Calculation of the electromagnetic signals in the second
step takes into account the radar wavelength and
polarization, and the incidence angle and azimuth sensor
look direction (relative to the wind direction). Empirical
and semi-analytical expressions tuned to laboratory and

in situ measurements are used for the contributions from
various scattering mechanisms such as specular
("mirror") scattering and resonant Bragg scattering [21],
[22], [23], as well as scattering from the more ill-
behaved water surface associated with breaking waves
[24], [20]. Most scattering models are based on a two-
scale decomposition [25] of the wave spectrum, where
the shorter resonant Bragg waves are tilted and
modulated by the longer waves on meter scales [26].
Recent studies [27], [28] have demonstrated the
importance of the sea surface curvature (second
derivative of the wave elevation spectrum).

The Doppler shift can be calculated from the cross-
correlation of the (orbital) speed of the surface (along
the radar look direction) and the corresponding local
NRCS for the given polarization [28], [29], [30], [31]. It
is thus a weighted surface velocity, which in simple
terms is generally positive in the direction of the wind
since the forward moving facets of the orbital wind
waves have higher NRCS than the backwards moving
facets.

Although the models can give fair agreement with the
SAR observables (e.g. [20], [28], [32]), the empirical
relationships of Section 2.3 have rather been used in
practice for wind retrieval (Section 3), as these are both
faster and simpler to operate, and show the best
agreement with the observations (to which they are
tuned). The physical models are nevertheless invaluable
for advancing the understanding of the involved
physical processes, and for the design of future sensors.
Two widely used radar imaging models are the M4S
software by Roland Romeiser and the DopRIM model
of Vladimir Kudryavtsev.

2.3. Empirical relationships

A function which relates the radar observables (NRCS
or Doppler) to the near surface wind is called a
Geophysical Model Function (GMF). Below we give an
overview of some empirical GMFs for co-polarized
NRCS, cross-polarized NRCS and Doppler shift.

2.3.1. Co-polarized NRCS (VV, HH)

The GMF that was developed by ESA for the C-band
scatterometer onboard the ERS-satellites is called
CMOD (C-band MODel) [33], [34]. The fourth version
of this model, CMOD4 [35], [36], was developed by
empirically ~ fitting the  VV-polarized NRCS
measurements from ERS-1 to ECMWF analysis winds,
and was used for the official ERS scatterometer
products since 1993. Although developed with
scatterometer measurements, the GMF is applicable to
any measurements of VV-polarized C-band NRCS,
including SAR with its much higher resolution [37]. As
with all other empirical GMFs for co-polarized



radiation, NRCS is a function of three parameters: the
SAR incidence angle, wind speed, and wind direction
relative to the SAR look azimuth direction.

At high wind speeds, CMOD4 was found to
overestimate NRCS, leading to too low retrieved winds
[38], [39]. Overestimation of the upwind-downwind
asymmetry and upwind-crosswind term further had
some impact the quality of ambiguity removal and wind
direction for the scatterometry algorithms, though minor
impact on the retrieved wind speed. An updated version,
CMODS5 [40], was tuned to 22 million ERS-2 NRCS
and ECMWF wind collocations, using additional
aircraft measurements of extreme backscatter with
accompanying in situ wind observations for improved
performance for higher wind speeds. CMOD5 also
reduced some known incidence angle biases of
CMOD4. Another GMF (CMOD_IFR2) was developed
independently at Ifremer, also with particular focus on
the higher wind speeds [41].
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Figure 3: Comparison of the C-band GMFs CMOD4
(dotted line), CMOD5 (dashed line) and CMOD-
IFR2 (thin solid line) at incidence angle of 25
degrees. The horizontal thick line corresponds to a
-5dB  backscatter value; vertical thick lines
correspond to SAR-wind solutions for (a) wind speed
(one solution) and (b) wind direction (up to four
solutions). Figure from Ref. [42].

As the above GMFs are tuned to actual (model) winds at
10 m height, they are valid for the average near surface
stability, which is not neutral. An updated version of
CMODS5 (CMOD5.N) was developed by [43] to provide
10 m winds at neutral conditions, making it simpler to
avoid errors related to atmospheric stratification [44]. In
addition to an average stability compensation of 0.2 m/s,
CMODS5.N also adds 0.5 m/s to compensate for an
overall low bias of CMODS5 [45].

In 1995, when RADARSAT-1, the first SAR operating
in HH co-polarization at C-band was launched, there
was no existing GMF for this polarization. Also, as no
scatterometer has ever been launched in HH, there was
no way to rely on the experience from scatterometry.
Because of the lack of data [46] proposed to circumvent
the question of the GMF by introducing the polarization
ratio (PR). The idea was to convert the signal measured
in HH into VV polarization before using a GMF from
the CMOD family. A simple empirical formula was
proposed:

PR;O—O\N _(1+2tan29)2 ’ (1)

o'OHH (1+oztan26')2

where o is a parameter relating the type of surface
scattering. Several values were proposed for a [1], but
the initial value proposed by [46] was 0.6. This debate
around the value is closely related to the calibration of
the considered sensor and to the sea surface conditions
we are interested in. Indeed, this parameterization is far
too simple as both theories based on asymptotic
solutions [47], [28] and new measurements indicate that
the PR is wind speed [48] and wind direction dependent
[49]. Beyond this debate, the PR turned out to be
meaningful information to evaluate the relative weight
of the different scattering mechanisms involved in the
scattering [20], [50].

Since ENVISAT and RADARSAT-2 missions, the
number of SAR acquisition has significantly increased.
Thus, there may no longer be a need to keep relying on
the scatterometers in order to define the GMF for SAR.
Based on massive triple co-locations between wind
given by ECMWEF, ASCAT and NRCS measured from
ASAR, [83] show how the SAR measurement could be
used to derive the coefficients of a GMF in both VV and
HH. As expected the results are very close to CMOD-5
in VV and HH NRCS is less saturated for high winds.
Results of this GMF in HH are shown in Figure 4. This
has also been done for Doppler in VV and HH [4] and
for the NRCS in cross-polarization [60].

NRCS (aOHH) — WIND SPEED: 5,
10F T T T T

NRCS (aOHH) INCIDENCE ANGLE: 20/30/40 deq
T T T

Figure 4: (a) NRCS as a function of incidence angle
for 5, 10 and 15 m/s wind speeds. (b) NRCS as a
function of wind speed for 20, 30 and 40° incidence
angle. Colored squared are NRCS from ASAR,
dottes line is CMOD 5 combined with PR from [49]
and colored line is the result of the GMF.



Launch of the X-band (3.1 cm wavelength) German
TerraSAR-X and Italian COSMO-SkyMed SAR
satellites in 2007 stimulated the need and interest to
develop GMFs for X-band. An empirical GMF
developed for airborne X-band VV scatterometer data
[51] was found unsuitable for SAR wind retrieval by
[52], who developed a linear GMF (XMOD1) by
collocating SIR-X-SAR (Endeavour space shuttle) with
ERA-40 reanalysis wind speeds. A non-linear GMF
(XMOD2) was also developed at DLR by co-locating
TerraSAR-X measurements with in situ buoy wind
speeds [53]. A challenge when developing X-band
GMFs is the limited datasets currently available.
Therefore a different approach was applied by [32], who
developed an X-band GMF by interpolating the
coefficients of well-tested C-band (5.7 cm) and Ku-band
(2.2 cm) GMFs.

Wind features were clearly visible in early L-band
images from SEASAT (which operated in 1978 until it
failed after only 105 days), but the SAR instrument was
not sufficiently well calibrated for quantitative retrieval
of wind [8], [53]. Two L-band SAR-sensors have later
been launched by the Japan Aerospace Exploration
Agency (JAXA). A GMF for L-band HH polarization
was developed by [56] for the JERS-1 SAR. An updated
version, also for HH polarization, was developed by
[57] by co-locating ALOS PALSAR NRCS
measurements with scatterometer wind vectors. Due to
the longer radar wavelength (23.6 cm for PALSAR),
this GMF is less sensitive to winds than C-band GMFs
at moderate winds and large incidence angles, whereas
it is comparable at winds above 10 m/s and small
incidence angles. An anticipated advantage of L-band is
to avoid the saturation of NRCS for winds above 20 m/s
which is seen for X- and C-band. This could however
not be verified by [57], due to limited number of co-
locations at high winds.

2.3.2. Cross-polarized NRCS (VH, HV)

With the launch of the Canadian satellite RADARSAT-
2, a large dataset of cross-polarized SAR images has
been accumulated by researchers. By collocating SAR
imagery with National Data Buoy Center (NDBC)
buoys off the east and west coasts of North America,
which have provided measured in situ winds, the
relationships between cross-polarized NRCS and wind
speed, direction and radar geometry has been
established [58], [59], [60], [61]. Thus, it was shown
that cross-polarized SAR returns have no dependence
on radar incident angle and wind direction. This
remarkable characteristic embodied by the unique
proportional relationship with only wind speed makes
the cross-polarized SAR image mode optimal for wind
speed retrievals and operational marine wind
monitoring. Thus, wind speed can be retrieved from

cross-polarized SAR images directly without the need
for external wind direction information. Therefore,
cross-polarized SAR mode imagery is especially
valuable for observations of wind fields in situations
where rapid wind directions occur, such as tropical
cyclones.

For cross-polarized SAR imagery, the state-of-the-art
for the geophysical model function (GMF) is the C-2PO
(C-band Cross-Polarized Ocean) model [60], which
exhibits a distinctly linear relationship between the
NRCS and wind speed. The C-2PO model relates the
cross-pol NRCS to wind speed at 10-m height (Uy)
according to

0
VH

o, =0.580 * U, — 35.652 )

Here, the units of 5!, and Uy, are dB and m/s, and an

example of the data on which C-2PO is based is given
in Figure 5. The observed NRCS in cross-pol mode
increases linearly with wind speed, up to 26 m/s. The
relation shows no indication of saturation or ambiguity,
which is a problem for high wind speed retrievals using
co-polarized NRCS [63], [64].
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Figure 5: Mean cross-pol NRCS, 6! . , versus in situ

VH !
buoy observed wind speed at 10-m height, Uy, The
solid line corresponds to a nonlinear least square fit,
with a correlation coefficient of 0.91 with Eq. (2).

However, for SAR data acquired with Radarsat-2 in the
ScanSAR mode this relation looses validity due to the
different settings of the SAR sensor, which leads to
sensor artefacts such as cross talk between the channels
as well as contribution of the noise floor to the NRCS,
which have to be considered in the processing at such
noise floor levels. Due to the cross talk issue, which can
be corrected for in the quadpol data used above, a
dedicated GMF has been developed, which compensates
for these artefacts [61].



2.3.3.  Doppler shift

The correlation between wind speed from the ECMWF
model (projected into the SAR look direction) and
Doppler Centroid anomaly from Envisat ASAR Wave
Mode (incidence angle of 23°) was demonstrated at the
SeaSAR workshop in Spitzbergen in 2003 [1], and
several studies have been published to explain this
measure. In the absence of an underlying sea surface
current, the Doppler shift induced by the near surface
wind is interpreted as the mean line-of-sight velocity of
the radar detected scatter elements [2]. Considering the
Bragg mechanism, the velocity of these roughness
elements is fixed and related to their phase velocity.
However, as tilted by longer waves, the NRCS varies
along these wave profiles, leading to correlation with
horizontal and vertical orbital velocities. Consequently,
the Doppler shift is first strongly dependent upon the
strength of the tilt modulation [25]. Thus, as for the
NRCS, the resulting Doppler is a combination of the
relative weight of the smallest and slowest waves
(Bragg) contributing with respect to the largest and
fastest (tilting) waves that depends on incidence angle,
polarization and frequency [29].

After the Doppler Grid was made available by ESA in
ASAR wide swath imagery since 2007, a full GMF
(called CDOP) could be developed by [4] by co-locating
the Doppler anomalies with ASCAT scatterometer
winds. It was demonstrated that the Doppler Centroid
anomaly shows dependency on the same parameters as
the co-polarized NRCS; namely the incidence angle,
wind speed, and wind direction relative to the SAR look
azimuth direction. CDOP was developed for both HH-
and VV-polarization, where an example plot of the
latter is seen in Figure 6.

As shown by [4], the great benefit of using the Doppler
shift is its unique wind direction dependency. This
makes this quantity very valuable to better constrain the
wind inversion and resolve the issues regarding the
wind direction in cases of complex systems such as
atmospheric fronts or low pressure systems. Though
fitted to Doppler Centroid anomalies from Envisat
ASAR, the CDOP function should be valid for any
measurements of the C-band Doppler shift from the sea
surface, including regular Doppler shift from a Real
Aperture Radar. An ongoing ESA pilot project
(DOPSCAT) investigates the potential of utilizing
Doppler shift from scatterometers.

It is important to note that the Doppler shift also
contains a contribution from the radial ocean surface
current, as well as from the interaction between waves
and currents [29]. Thus unless the current is negligible
or directed along the azimuth direction, this component
should be taken into account when retrieving wind. As a
matter of fact, Doppler shift has already been used to

study large and steady currents such as the equatorial
currents [66] or the Agulhas current [67] after the
removal of the wind contribution. In these works, the
methodology relies on the hypothesis that at relatively
low resolution (typically greater than 5 km), the
averaged interactions between current and wind are
negligible in the measured Doppler anomaly. Following
this assumption wind and currents effects can be
considered as additive. When dealing with higher
resolution, this hypothesis is not valid anymore. In these
cases, the methodology to separate wind, waves and
current contributions has still to be developed and will
need to involve physically-based models [29], [30].
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Figure 6: Envisat ASAR Doppler Centroid anomaly
for VV polarization plotted versus azimuth angle
(SAR look versus wind direction) for ASCAT wind
speeds of 7 m/s and incidence angle of 30 degrees.
The solid line is the CDOP GMF fitted to the
measurements.

2.4. The near-surface wind speed

By convention, the physical and empirical models
discussed above relate the NRCS and Doppler shift to
the wind speed at 10 meter height above the sea surface.
These relations are indirect, as the ocean surface
roughness is generated by the wind stress and
momentum transfer at the very ocean-air interface
(expressed as the “friction velocity™), rather than the
wind at 10 meter height. Careful laboratory and in situ
measurements have indeed confirmed that the NRCS
shows a closer relationship with the friction velocity
than with the wind at any particular reference height [8],
[68]. Nevertheless, directly relating the SAR
observables to the wind at 10 meter is a more practical
solution, as this is a more useful quantity than friction
velocity for most end users. Furthermore, the relation
between friction velocity and wind at any reference
height depends on detailed information about the near-
surface stability, which is generally not available over
the ocean. Post-processing corrections can be applied if
information on the near surface stability can be obtained
from a forecasting model, from buoy measurements, or
from the fine-scale variability of the NRCS (e.g. [69]).



3. WIND INVERSION

Inversion of the wind from SAR observables is a non-
trivial exercise, despite the existence of the empirical
relationships discussed in Section 2.3. The simple
reason is that wind is a vector quantity (speed and
direction, or U- and V-components); hence using any
single observed scalar quantity leads to an
underdetermined problem. The solution is either to use
complementary information from other sources, or to
combine several SAR observables. Below we give
several examples of how this has been done in practice.

3.1. Examples of wind inversion schemes
3.1.1. Classical scheme using co-pol data

The most common method for SAR wind retrieval has
been to combine co-polarized (VV or HH) NRCS-
images and complementary information on the wind
direction as input to any of the empirical GMFs of
Section 2.3.1. The simplest is to take wind direction
from a numerical forecast model, such as ECMWEF,
NCEP GFS or WRF. This works generally well where
wind direction gradients are smooth, but is less
satisfactory near strong wind direction gradients such as
fronts and cyclones, where models are too coarse, or
may have the wind gradient features shifted in time
and/or space. A well known example is the “hourglass
effect” which arises if a cyclone centre of the model
wind direction is only slightly displaced from the SAR
cyclone centre. Taking wind directions from
scatterometer measurements can work better if such
measurements are available close in time, ideally within
less than one hour. Taking wind directions from wind
streaks of the given SAR image has the advantage of no
time-difference, but such streaks may not always be
clearly visible (Section 2.1.1). The 180 degree
ambiguity may be resolved by complementary model or
Doppler data, but again the spatial resolution may be a
limiting factor. Only wind speed is output from this
classical scheme, as the wind direction is merely an
input parameter. This may however be reversed by
taking the wind speed from a model or scatterometer to
invert wind direction, though this may lead to
ambiguities.

For wind fields that do not change abruptly, the wind
speed can be retrieved from RADARSAT-1 SAR
imagery by making the assumption that the winds in
two neighbouring sub-image blocks are essentially the
same [70]. This approach is taking the concept of wind
retrieval from scatterometer imagery, where there is
more than one measurement for each element of ocean
surface. Thus, assuming simple Holland-vortex
hurricane spatial structure, hurricane wind speeds could
be retrieved without invoking external wind direction
information from other sources [71].

3.1.2.  Using cross-pol data only

As discussed in Section 2.3.2, cross-polarized NRCS is
simply proportional to wind speed, with no dependency
on wind direction or incidence angle. Thus, the wind
speed can be directly obtained from cross-pol SAR
images without complementary external information.

In Hurricane Earl, direct high wind speed (>20 m/s)
comparisons between spaceborne SAR retrievals and
airborne SFMR measurements show that bias and RMS
error for derived wind speeds from C-2PO are -0.89 m/s
and 3.23 m/s respectively, whereas for CMOD5.N these
numbers are -4.14 m/s and 6.24 m/s. But models
underestimate high winds (30~38 m/s), possibly
because: 1) CMOD5.N is then saturated, 2) co- and
cross-pol NRCS calibration error, 3) CMOD5.N and C-
2PO do not account for the rain contamination and
effects of high waves.

Figure 7 shows the wind fields of Hurricane Earl (a
category 2 storm at the time of acquisition) retrieved
from the VV and VH NRCS from RADARSAT-2
ScanSAR mode using the algorithm from [61].
Comparison of the SAR wind speeds to SFMR wind
speeds (superimposed) clearly show a much better
agreement for the cross pol data in particular at the very
high wind speeds. Also the typical ‘hour glass effect’
observed in co-pol data is not observed in cross pol
retrieved winds. Furthermore, the GMF of cross pol data
does not show saturation effects of the NRCS at high
wind speeds. However, at low wind speeds (<10 m/s)
cross pol data are strongly biased by the noise floor such
that they cannot be used for wind speed retrieval.
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Figure 7: SAR retrieved wind fields of Hurricane
Earl acquired on 2 September 2010 at 22:59 UTC at
VV pol (left hand side) and VH pol (right hand side).
For comparison the wind speed results from the
SFMR flights are superimposed to the SAR retrieved
winds. The color scales represent wind speeds in m/s.

3.1.3.  Using dual polarization data

Because of the ability of RADARSAT-2 of measuring
in both cross and co-polarization, new methods emerge
to rely on both VH and HH for wind estimate. Ref. [75]
produced an “inverse GMF” which relates directly the
wind speed to the incidence angle, the normalized radar



cross section in VH and HH with respect to the wind
direction relative to the azimuth look angle.

3.1.4. Quad-pol method

Recently, a methodology was presented [76] to
simultaneously retrieve wind speed and direction based
on RADARSAT-2 fine quad-pol mode single SAR data.
Specifically, C-2PO and NRCS data in VVH polarization
are used to directly retrieve the wind speed without any
external wind direction and radar incidence angle
inputs. Then the resulting wind speeds from C-2PO and
NRCS in VV polarization, and incidence angles are
passed to CMODS5.N to estimate the wind direction,
with ambiguities. However, the co-pol backscatters have
even symmetry with respect to the wind direction, while
the polarization correlation coefficient (PCC) between
the co- and cross-pol channels has odd symmetry, with
respect to the wind direction. This symmetry property
allows removal of wind direction ambiguities. Ref. [76]
presents three cases to show that it is feasible to derive
ocean surface vector wind images using this method.

3.1.5. Statistical inversion

The first statistical SAR wind algorithm was proposed
by [77], who used Bayesian statistics to derive a cost-
function to retrieve the optimal wind field from SAR
NRCS and model wind vectors (HIRLAM). This
approach acknowledges that all sources of information
contain errors, and has the advantage that not only wind
speed but also wind direction is an output of the
algorithm. The same approach was applied by [4] who
combined Envisat ASAR Doppler Centroid and NRCS
with model wind vectors. As such it should enable the
combination of NRCS, Doppler or any other feature
derived from the SAR image analysis (e.g. wind
direction from streaks signature) taking benefit of all the
polarization possibilities of new and forthcoming
Sensors.

3.1.6.  Using atm. pressure gradients

Most SAR wind retrieval methods solve for the wind
vector at each pixel largely independently of
neighbouring pixels. However, the surface winds are not
arbitrary and independent; they are determined by the
atmospheric dynamics. An alternative method for SAR
wind retrieval thus consists in seeking an integral
property of the wind vector field as a means of imposing
scene-wide consistency in the retrieved ocean vector
winds.

The pressure gradient force is a dominant term in the
planetary boundary layer (PBL) momentum budget.
Consequently, the imprint of the surface stress field can
be used to estimate the surface pressure gradient field
through the use of a diagnostic PBL model. In its
simplest form, the standard PBL model assumes that the

mean advective forces are relatively small and that the
flow is neutrally-stratified and barotropic. The standard
PBL model includes the effects of thermal winds,
boundary layer stratification, a gradient wind correction
for curved flow and momentum entrainment across the
boundary layer top.

In tropical cyclones, the nonlinear momentum terms are
of leading order, comparable to the pressure gradient
forcing. Furthermore, the swirling flow in the boundary
layer causes the boundary layer to become shallower
closer to the center of circulation. Consequently, for
tropical cyclones, the nonlinear dynamics are modified
to include a strong gradient wind correction to
parameterize the first-order nonlinear dynamics and the
Rayleigh discriminant of the rotational flow is used to
scale the boundary layer depth as in [72].

Scene-wide wind vector retrieval is at least a two-step
process. An initial guess wind vector field is obtained
using standard methods and is used as an input to the
PBL model. For each surface wind vector, a
corresponding estimate of the pressure gradient vector is
calculated. These pressure gradient vectors have
inherent error due to errors in the surface wind inputs
and the PBL model. However, we use these vectors as
input to a least-squares method to find the optimal sea-
level pressure pattern corresponding to the input surface
wind vector field. Due to the dynamical constraints
imposed by the PBL model, the effects of local errors in
the surface wind vectors or relatively large regions of
missing vectors are mitigated.

The derived SLP patterns may be used as inputs to the
PBL model to re-derive an “SLP-filtered” surface wind
field. This product is the scene-wide estimate of the
surface wind vectors. The overall method and the high
quality of the SLP fields and derived wind vectors using
QuikSCAT and ASCAT scatterometer wind vector data
has been extensively documented in several papers [73],
[74]. We find that both the SLP-filtered wind speeds
and directions are modified from the input vectors.
Another important aspect of the SLP-filtered wind
vectors is that reasonable gradient fields can be
calculated.

An example of this method applied to Typhoon Malakas
(2010) is shown in Figure 8. The SLP-filtered winds
have improved the “hourglass” wind speed errors in the
cross-beam regions of the inner-core of the typhoon.
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Figure 8: SAR image of Typhoon Malakas, 22 Sep,
2010, 20:30. Left, raw SAR winds, Center: SLP-
filtered winds; Right: derived SLP field. The winds
are calculated for 1 km pixels. The white arrows are

all the same length and show the SAR wind
directions every 30 km

An important aspect of this methodology is the use of
surface pressure measurements as a means of calibrating
and validating the SAR wind vectors. Even without
using ancillary data to set the absolute value of the
pressure field, the bulk pressure gradient (BPG)
between any two points in the SAR-derived pressure
field is the optimal estimate of that pressure difference
derived from the input SAR winds. Because pressure is
an integral property of the winds, pressure differences
are more useful than point-by-point wind vector
comparisons for assessing the quality of surface wind
retrievals because the BPGs characterize the accuracy of
a swath of wind vectors (speed and direction) largely in
the neighborhood of the pressure measurements.

3.2. Validation numbers

SAR winds may be validated against in situ
measurements (e.g. buoys), and scatterometer and
model winds. For most studies a bias smaller than 0.5
m/s is found, with standard deviations typically between
1.2 and 2.0 m/s [4], [14], [32], [37], [52], [56], [57],
[58], [60], [61], [63], [64], [65], [70], [71], [72]. [77],
[78], [79], [83], [85], [93], [94], [149]. Algorithms
which retrieve wind direction typically report a standard
deviation of 15°-40° for the direction [80]. The
validation numbers depend on the spatial averaging of
the SAR NRCS, the temporal averaging of the in situ
measurements, and the time difference. The accuracy
decreases in vicinity of strong wind direction gradients,
such as in cyclones. The difference between SAR winds
and scatterometer and model winds is found to increase
markedly for co-locations within 100 km of the
coastline, most likely due to degraded performance of
the scatterometers and models [78], [79]. Calibration
errors will have a larger impact on wind retrievals at
low incidence angle and high wind speed (> 20m/s).

3.3. Preprocessing and postprocessing

Whichever algorithm is used to retrieve winds, some
pre- and postprocessing of the data is needed to ensure a
high quality end product.

- SAR data are often disseminated uncalibrated
by space agencies, to reduce file sizes or to
facilitate recalibration with updated
coefficients. Hence the first step in calculating
SAR wind is normally to apply calibration
coefficients provided with the SAR product or
separately. The calibration accuracy should not
exceed 0.5 dB [84].

- Scalloping is an artefact of ScanSAR imagery
due to inaccurate estimation of Doppler
Centroid, leading to dark and bright stripes
along range direction. This may lead to small
biases of wind speed, and may confuse wind
streak direction algorithms. Methods to correct
for scalloping are given in [81] and [82].

- The calibrated NRCS may include instrumental
noise, which may lead to wind speed biases of
0.5 m/s or more for larger incidence angles,
and should be removed [83].

- Though wind may in principle be retrieved
from SAR at full spatial resolution (~5-150
meters), the finest scale NRCS variability is
mainly due to speckle, in particular for Single
Look Complex imagery. Common practice is
to blockaverage the NRCS to 500 m or 1000 m
pixel size before wind retrieval. Care should be
taken so that no bright targets from land or
ships are included when averaging.

- Land and sea ice should be masked in the end
product. Whereas high resolution land masks
are suitable, obtaining a high resolution ice-
mask is more of a challenge [14].

- Volume scattering from rain in the atmosphere
may also give a significant bias for shorter
wavelengths (X-band), and even for C-band in
the case of extreme precipitation (e.g.
hurricanes).

- For some users, an error estimate for the wind
is needed, e.g. when used as input to statistical
algorithms like in Section 3.1.5. Regions of
high uncertainty, e.g. outside of the validity
range of the algorithms, should be masked.

3.4. Available software tools

Most research groups working with SAR wind retrieval
are making their own software codes for internal use
and algorithm development. For the regular user, only a
few software tools are available for retrieval of wind
from SAR imagery

The Next ESA SAR Toolbox (NEST, available from
http://nest.array.ca/) is an open source toolbox for



reading, post-processing, analysing and visualising SAR
data for most of the sensors relevant for wind retrieval.
It is written in Java for portability, and has a plug-in
functionality allowing users to develop (and share) their
own modules. NEST is a general-purpose SAR analysis
tool with presently only basic functionality for wind
retrieval. Some research groups are using NEST for
basic operations such as calibration, and perform wind
retrieval with external software based on output from
NEST.

SARTool is a commercial tool developed by CLS
(formerly Boost Technologies), dedicated to SAR
applications-based over the ocean and R&D activities.
SARTOool is the cornerstone of the operational activities
conducted at VIGISAT (http://www.vigisat.eu/) such as
CleanSeaNet 2 EMSA project or Soprano ESA project.
SARTool has advanced wind retrieval functionality,
including possibility for using several sources of
external wind direction including manual ingestion for
all the available SAR missions. Doppler shift or cross
polarization can be used for wind inversion at C-band.

4. APPLICATIONS
4.1. Operational implementations
4.1.1. NOAA/NESDIS/STAR

For over a decade, NOAA ran a demonstration service
that acquired RADARSAT-1 data and produced wind
speed images in near real-time, leading to an operational
service described in [84]. Among the lessons learned
from this experience are the importance of accurate
geolocation and calibration of the data. Near real-time
availability makes the data most useful, and detailed
data format documentation and sample source code to
read the data encourages exploitation of the data and
reduce errors in data application.

4.1.2. Soprano and French Marine
Collaborative Ground Segment

Since 2007, working closely with ESA, CLS has shown
that SAR data from ENVISAT could be acquired,
archived, processed into wind field and delivered to
users through a web portal in less than 15 minutes. This
near real time service will be continued with Sentinel 1
A and B in the framework of the French Marine
Collaborative Ground Segment (MCGS). This service
will capitalize on the previous experience of Soprano
(more than 60000 ENVISAT products have been
processed). In particular, attention will be paid to (i) the
quality of the input level 1 product (calibration, noise
equivalent sigma0, geolocation), (ii) the choice of the
algorithms (Doppler and HV should be used to take
benefit of these new capabilities) and (iii) the time and
format to deliver the wind products. The MCGS will
also allow massive reprocessing of data from different

SAR missions given spatio-temporal criteria and
selecting the most up-to-date algorithm. This
reprocessing activity is mandatory to provide
homogeneous dataset of wind measurements that can be
used for wind farming or weather predictions
applications as presented in sections 4.2 and 4.3.

4.2. Weather prediction

Due to limited spatial coverage and irregular revisit time
of SAR sensors, SAR wind has hitherto hardly been
used for operational weather forecasting, or for
assimilation into numerical forecast models. However,
several initiatives are emerging to demonstrate the
potential benefit of using SAR winds in the field of
weather forecasting.

Thanks to the success of the National SAR winds
demonstration project (2009-2011), the operational
production of SAR winds has been approved by
Environment Canada (EC) and Meteorological Service
Canada (MSC). The idea is to develop a chain able to
provide wind information from SAR that can be directly
included in the workstation used by forecasters [85].
This unique demonstration project has allowed
collecting the feedback of many forecasters who have
routinely compared their classical tools to the SAR
observations. As reported in [86], the feedback is rather
positive and SAR winds can benefit to forecasters [87].

Also, due to the recent abundance of SAR acquisitions,
it is now possible to evidence systematic differences
between high resolution SAR winds and low resolution
numerical weather prediction model (such as ECMWF).
In particular, for coastal areas, systematic biases occur
with respect to the wind regime (speed and orientation
of the mean flow with respect to the coast). If we
assume that at first order, the topography of the coast
drives most of the small physical processes (not
resolved by low resolution models), then the systematic
bias can be evaluated with respect to wind regime and
accounted for to downscale the low resolution up to a 1
km wind field.

One method is to calculate SAR wind climatologies for
a limited region, and to develop a transfer function (or
“wind emulator”) to relate this high resolution wind to
some identifiable features of coarse scale numerical
model wind fields. For future model predictions over
the same area, where no SAR wind fields are available,
the transfer function may then be applied to prescribe
the finer scale winds “learned” from the SAR wind
climatology. A preliminary study on this concept was
performed by [88].

Another method is to use an ‘“analogue” scheme.
Recently, it has been shown such a method could be
used to reduce systematic and random errors on the 10-



m wind speed predictions of WRF over land [89]. This
methodology has been applied to the 10-m wind speed
as given at low resolution by ECMWF to take into
account for wind effects (observed and archived in a
larger SAR dataset) that occur at high resolution in
coastal area. As a result it is now possible to enrich on
the fly the prediction from ECMWF in order to add the
mean features that are expected at high resolution
without having a SAR acquisition collocated in time and
space. This has been applied off the coast of Tromsg
and in Aegean Sea [90]. An example of ECMWF wind
and its associated enriched high resolution wind field
computed from a collection of SAR observations is
presented on Figure 9.
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Figure 9: a) Wind field as given by ECMWF at a
spatial resolution of 0.5°. b) Enriched ECMWF wind
from high resolution learned from a collection of
SAR winds acquired in the past. ¢) SAR Winds
observed at the same time (not used for the
enrichment) and used as reference. d) Transect to
compare the ability of the wind emulator of [90] to
capture the wind flow at high resolution. The green
line is wind speed from ECMWF (fig a), red line is
WRF (10 km resolution). The blue line is the
emulated wind (fig b), and the black line is the
reference SAR wind (fig c).

In both cases, this kind of exercise requires a large
dataset of high resolution modelled and observed winds.

Thanks to ENVISAT archive and RADARSAT-2
missions, since few years now, the archive of SAR
images starts being interesting for such exercise. There
is no doubt that the wind measurements of the
forthcoming Sentinel-1 and RADARSAT Constellation
missions will open new perspectives for this kind of
applications.

4.3. Wind farming

Satellite SAR ocean wind maps are used for offshore
wind farm projects characterizing winds in the coastal
zone [91] and for wind resource assessment. Wind
statistics such as mean wind speed, Weibull scale and
shape parameters and energy density based on Envisat
ASAR WSM wind maps compare well to high-quality
offshore meteorological observations in the North Sea
and Baltic Sea [92], [93] and there is good agreement in
wind roses as seen in Figure 10.

Figure 10: Wind roses from (left) mast at Horns Rev
(M7) [7.9753°E ; 55.4873°N] and (right) all available
Envisat ASAR WSM products [7.80°E ; 55.80°N].

Wind resource statistics for the Northern European Seas
have been assessed from SAR winds level 2 products
and the energy density map at 10 m (Figure 11) is
published at www.norsewind.eu and soprano.cls.fr [94].
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Figure 11: Wind energy density based on 9000
Envisat ASAR WSM scenes.



Research on methods to lift winds from 10 m to hub-
height for wind resource assessment is on-going [95].
Another key topic is mapping wind farm wake [96],
[97] where the reduced wind field, also called shadow
effect, is quantified. Two examples of wind farm wakes
detected by TerraSAR-X and RADARSAT-2 are shown
in Figure 12 and Figure 13. High-resolution SAR is a
unigue source and gaining importance as offshore wind
farm development grows in size and clusters of wind
farms appear.
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Figure 12: Wind wake induced by the Alpha Ventus
wind farm in the North Sea, as observed with
TerraSAR-X StripMap data at 2.5 m resolution.
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Figure 13: Signature of wind wake induced by wind

farm as observed with a ScanSAR Wide

RADARSAT-2. (a) Transect of measured intensity

by SAR across the wind wake (b) Intensity image

over Sheringham shoal wind farm in the North Sea.

(c) Corresponding wind field estimated at 500 m

resolution.

4.4. Process understanding

In addition to practical applications, SAR imagery has
made invaluable contributions to the understanding of
several mesoscale wind phenomena. Some examples are
given in the subsections below.

4.4.1. Tropical cyclones

SAR data has been used to better understand the
dynamics of tropical cyclone genesis, morphology and
movement, because it can yield high-resolution (sub
kilometer) and low-level storm information that cannot
be seen below the clouds by other visible and infrared
sensors. In addition to the wind field and tropical
cyclone eye information, cyclone structures associated
with atmospheric processes can also be detected by
SAR. Recent studies shows that cyclone eye
information (shape, size, etc.) can be quantitatively
extracted from RADARSAT-1, RADARSAT-2 and
Envisat SAR images [60], [98]. Different storm eye
shapes are categorized, and it is found that stronger
storms tend to be more symmetric in the eye shape.
Examples of eye-eyewall, meso-vortices, rain bands and
arc clouds are also clearly visible in SAR images. SAR
cyclone observations also show a few unusual
observations. One is that the storm pattern continues
across the land-sea boundary. It is conjectured that this
is due to rain scattering and attenuation in the
atmosphere. The other one is that higher NRCS values
are observed within some storm eyes which are usually
believed to be a relatively calm area within the storm
system. Possible explanations are rain, waves, and
abnormally high wind. However, these phenomena
cannot be addressed by SAR observation alone.

Although C-band is considered robust against
atmospheric disturbances, a standard wind field retrieval
technique using the scatterometer GMF CMOD?5 often
underestimates hurricane force winds. This could be
explained by rain contamination and additional effects
due to severe sea state that produce a strong damping of
the NRCS. This leads, for wind speed above 20 m/s, to
an error in the retrieved wind speed that is up to 30 m/s
when using the standard procedure. Therefore, a new
method to measure the hurricane intensity using SAR
images, in combination with a parametric Holland-type
model of wind speed, is introduced in [99]. Applied to
five tropical cyclones, a good agreement is found, and
wind speeds up to 70 m/s are determined with an RMS
error of 3.9 m/s.

4.4.2. Polar lows

Polar lows are small atmospheric low pressure systems
with a short lifetime of typically less than one day,
developing over the ocean in polar regions in areas with
strong temperature differences. Their small size (200-
1000 km in horizontal scale) combined with few ground
observations and radio soundings in the polar regions,
are among the reasons why polar lows are seldom well
predicted by numerical models.

SAR coverage has so far been too irregular for use in
the forecasting, but several works have pointed to the



potential benefit of using SAR in the study and
forecasting of polar lows [100], [101], [102]. Ref. [103]
presented four case studies of polar lows in the Bering
Sea, showing how SAR can lead to a better marine
surface analysis, which is the basis for the forecast.
Polar lows have been reported to be observed earlier in
their development by the sea surface imprint in the SAR
image, than by standard data [104]. Refs. [105] and
[106] discuss the discontinuities in radar backscatter
observed as spiraling lines towards the center of a polar
low in the Labrador Sea. Ref. [107] investigated this
case further using numerical model, and find that the
discontinuities in the radar backscatter is due to wind
shear and its impact on precipitation cells to be
organized along the shear.

As numerical models are seldom correct due to time lag
or misplacement of the location of the center, cross-
polarisation data (as discussed in Section 3.1.2) is
highly useful for wind retrieval in such highly variable
situations as polar lows. All Envisat ASAR images of
registered polar lows since 2002 over the Nordic Seas
[108] have recently been collected in a database with
other relevant data, to be used in further studies
(http://polarlow.met.no/stars-dat).

4.4.3. Katabatic winds

A katabatic wind is a gravitational air flow that
descends from a high-elevation mountain down slope to
lower elevation. It usually occurs during night and early
morning hours in the winter season when the air mass
over the mountain top becomes colder and heavier due
to fast radiation cooling and when the land-sea
temperature gradient is large. Katabatic wind flow is
forced by the mountain shape, and its velocity increases
down slope. In coastal areas, the katabatic wind blows
across the shoreline and leaves imprints on the sea
surface. In literature [109], [110], SAR observations of
the sea surface imprints of katabatic wind have been
classified into three different types of patterns: 1)
tongue-like; 2) mushroom-like; and 3) finger-like. SAR-
derived wind associated with the katabatic wind varies
between 5 and 8 m/s, and the katabatic wind pattern
extends up to tens of km offshore. “Bora” is a special
case of katabatic winds observed over the Adriatic Sea
and also in the Black Sea, and have been studied using
SAR e.g. by [111] and [138].

4.4.4. Gap winds

Gap winds are low level winds that may be intense and
generally develop from orographic pressure gradients.
Gap winds have been studied extensively and are quite
common throughout the world. For example, gap winds
have been documented in the Gulfs of Tehuantepec,
Papagayo, and Panama in Central America [112], [113],
[114], [115]; Cook Inlet, Shelikof Strait, Prince William

Sound, and the Aleutian Archipelago in Alaska [116],
[117], [118], [119]; Juan de Fuca Strait in Washington
[120], [121], [122]; Strait of Gibraltar in Europe [123],
[124]; Howe Sound in British Columbia [125]; Cook
Strait in New Zealand [126]; Adriatic Sea in Europe
[111], [127], [128], [129], [130], [131], and in Japan
[133], [134], [135], [136], [137].

These winds are typically characterized as accelerated
(~10-30 m/s) and shallow (< 1km) with a wide range of
widths (O 100 m to 10 km). Recently, SAR imagery
was used to quantify gap wind scales such as jet
spreading rate, velocity decay rate, and length at which
a gap jet becomes fully developed or self-similar, over
the open ocean. SAR data from the Philippine
Archipelago was used to determine that most jets
followed the defined power laws, in which the jet half-
width increased and the centerline velocity decreased
with downstream distance from the jet exit [132].
However, the SAR data also showed that there were
distinct deviations from a two dimensional plane jet
flow. Variations were attributed to varying wind
regimes, island interactions, adjacent jets properties, and
limited spreading.

4.45. \Vortex streets

When air flows around an obstacle, such as a mountain
or island, atmospheric vortex streets (AVS’s) can
develop on the lee side of the obstacle under favorable
conditions. The AVS pattern consists of a double row of
counter rotating vortex-pairs shedding alternately near
each edge of the obstacle. The surface wind field
associated with an AVS can also modify the sea surface
roughness, and be imaged by SAR. AVS is frequently
observed by SAR in the Aleutian Islands, Alaska region
where low-level wind blows strong against the volcanic
islands [139], [143]. The AVS can extend to a few
hundred km downstream and the SAR observed
dynamical processes can be simulated with models.

4.4.6. Boundary layer rolls

In SAR images of tropical cyclones, [140] found
organized bands, roughly aligned with the mean wind,
of near-surface wind convergence at wavelengths on the
order of 10 km. The patterns bear a lot of similarity to
regular planetary boundary layer (PBL) rolls, but have
very large aspect ratio (wavelength divided by PBL
depth) on the order of 5 to 10, which remain to be
explained.

Theory [141] and observations [142] shows that the
high shear and strong surface buoyancy flux in tropical
cyclone boundary layers are ideal habitats for the
growth and maintenance of O(1 to 3 km) wavelength
roll vortices. Structures at ~2.4 aspect ratio grow much
faster than rolls at longer or shorter wavelengths.



However, [141] showed that a wide range of growing
instabilities with wavelengths ranging from sub-km to
O(10 km) are capable of forming finite amplitude rolls.
In this single-wave theory, rolls with wavelengths
significantly larger or smaller than the O(1-3 km)
wavelengths would not survive the competition since
the O(1-3 km) wavelength rolls will reach the nonlinear
growth stage and dominate the modified mean flow
before the longer or shorter wavelength modes exhibit
significant nonlinear growth. In order to compete, the
longer wavelength modes must get an injection of
energy to kick start them into the nonlinear regime.

4.4.7.  Atmospheric gravity waves

Over the ocean, the low-level wind associated with
atmospheric gravity waves (AGW) modulates the sea
surface capillary wave spectra, and thus, leaves an
alternating bright-dark roughness pattern associated
with the wave crest-trough on the sea surface. This
roughness pattern can be imaged by spaceborne SAR
through the Bragg resonant scattering mechanism. In the
literature, the sea surface imprints of orographically
generated AGW in transverse, diverging and upstream
forms have all been studied using spaceborne SAR
images in conjunction with theoretical and numerical
models [144], [145], [147], [148]. In some cases it may
be difficult to discriminate signatures of AGW from
internal waves in the ocean. Some identified criteria for
this discrimination are described in [146].

5. OUTLOOK

Several interesting advances of SAR wind retrieval
methodologies have been demonstrated in the last
decade, in particular related to utilization of the cross-
polarized NRCS and the Doppler Centroid shift as
complementary to the co-polarized  NRCS.
Nevertheless, application of SAR for wind retrieval may
be considered as fairly mature and robust, and thus the
largest expectations for the future are related to
availability and utilization of SAR wind products.

There are five major sources of civilian SAR data that
are expected to become available in the near future
(Table 1): Sentinel-1 (2 satellites)) RADARSAT
Constellation (3 satellites), TerraSAR-X and Tandem-X
series, Cosmo SkyMed (4 satellites) and ALOS (2
satellites). These systems span the range of traditional
SAR frequencies and offer new imaging capabilities, as
well as unprecedented coverage and timeliness through
the multi-satellite constellations. The major challenge to
the exploitation of these data may not be technical, but
programmatic. For SAR imagery to be useful for wind
field monitoring and climatology, it will have to be
available in large quantities and relatively
inexpensively. The expensive per image model
appropriate for some land applications will cause those

interested in wind measurements to eschew data sources
employing that model. However, with the unrestricted
access to future Sentinel-1 data, it can be expected that
some SAR imagery will also be provided freely by other
agencies.

Unlike previous research-driven SAR systems, another
new aspect of Sentinel-1 is acquisition of data in a semi-
static pattern, so that the same areas are imaged in
similar modes on a regular basis. It is up to the wind
measurement community to encourage ESA to design
the coverage pattern to aid wind measurement in coastal
areas where SAR high-resolution wind fields are most
useful. As with all other SAR-satellites, wind retrieval
over coastal areas is limited by conflicting interests of
land applications based on other imaging modes. This is
particularly the case for the land-prioritized satellites
TerraSAR-X and ALOS, but the modes favorable for
wind retrieval should be encouraged as X- and L-band
are shown to make a very interesting complement to the
C-band systems. Generally for wind retrieval, VV
polarization is preferred over HH, as the GMFs are
better understood and the signals are stronger. Cross-
polarized NRCS and Doppler anomaly grids have been
demonstrated to be useful complements to co-polarized
NRCS, and their availability and accurate calibration is
encouraged. Wider swaths give generally better
coverage still at a sufficient spatial resolution; though
for case studies the high resolution modes with less
spatial coverage may sometimes still be preferred.

Although there are great expectations in regard to future
SAR sensors and missions, the existing archives of SAR
imagery are far from fully utilized. In particular the
historical wide swath imagery from Envisat and
RADARSAT provide an excellent basis for both
enlightening case studies as well for studying the
statistics of wvarious offshore mesoscale wind
phenomena. This potential may even be enlarged by
reprocessing historical data with improved calibration.
One example is the Doppler Centroid grid from Envisat
image which has been available only since 2007, and
based on reverse-engineering post processing of the data
[3]. The Doppler retrieval method by [150] is shown to
provide both higher accuracy and better spatial
resolution, and thus reprocessing of the full 10 year
archive of Envisat ASAR wide swath imagery with this
algorithm and improved noise level estimation would
increase the value of this dataset for accurate retrieval of
wind, as well as of waves and ocean surface currents.

Retrieval of wind, waves and currents from SAR should
be regarded as closely coupled tasks. Nevertheless,
retrieval of either parameter has traditionally been
performed independently, by either neglecting or
introducing simple corrections for the other two
phenomena. As one example, the NRCS relates more



closely to the wind relative to the moving ocean surface,
rather than the absolute wind speed. Thus, prevailing
ocean currents show up as biases in scatterometer wind
fields [151], and are also visible in the average SAR
wind energy potential of Figure 11. Concurrent and
consistent retrieval of wind, waves and surface currents
is therefore a highly relevant and challenging future task
[152], which would need a sophisticated combination of
the SAR observables (Section 2.1), physical and
empirical models (Sections 2.2 and 2.3) as well as
auxiliary data sources. Constructs like polarization ratio
and polarization difference are also likely to be useful
for this task, as demonstrated by [153].
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2.5-4cm, C: 4-8cm, S:

8-15cm, L: 15-30 cm.

Satellite/Sensor Agency/ Year of Radar | Available Swath Incidence
country operation | band polarizations width angle range
(max) [degrees]

ERS-1/SAR ESA 1991-2000 | C VvV 100 km | 20-26

JERS-1/SAR Jaxa, Japan 1992-1998 | L HH 75 km 32-38

ERS-2/ SAR ESA 1995-2011 | C VvV 100 km | 20-26

RADARSAT1 CSA, MDA, Canada | 1995- C HH 500 km | 10-59

Envisat / ASAR ESA 2002-2012 | C VV, HH, 420 km | 15-47
HH+HV, VV+VH

ALOS / PALSAR | Jaxa, Japan 2006- L Quad 350 km | 8-60

(2 satellites)

RADARSAT?2 CSA, MDA, Canada | 2007- C Quad 500 km | 10-59

(3 satellites)

Cosmo-SkyMed ASI, ltaly 2007- X Quad 200 km | 20-60

(4 satellites)

TerraSAR-X DLR, Germany 2007- X VV, HH, 100 km | 15-60

(close formation HH+HV, VV+VH

with TanDEM-X)

HJ-1C CAST, China (2012-) S VvV 100 km | 25-47

Sentinel-1 ESA (2014-) C VV, HH, 400 km | 20-45

(2 satellites) HH+HV, VV+VH




