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Extraction of Coastal Ocean Wave Fields From
SAR Images

Fabrice Collard, Fabrice Ardhuin, and Bertrand Chapron

Abstract—Wave spectra derived from synthetic aperture radar
(SAR) images acquired by ENVISATs are compared to in situ mea-
surements by seven sensors, deployed in a field experiment carried
out on the French coast of La Manche (English Channel). The wave
spectra inversion scheme is adapted for shallow water from the Eu-
ropean Space Agency (ESA)’s operational processing techniques
used for level 2 ocean wave products. Under the low to moderate
wind speed observed conditions, overall good agreement is found
between in situ and SAR observations over a wide range of wave
heights and directions, including waves propagating in the radar
azimuth direction and incidence angles different from the standard
imagette products.

Index Terms—Ocean waves, synthetic aperture radar.

I. INTRODUCTION

K
NOWLEDGE of wave conditions, either as climatology

or as short-term forecast, is critical for all human activities

at sea, including shipping, fishing, oil extraction, and naval oper-

ations. The development of wave models has been very fruitful

over the past few decades, and wave forecasts are now quite reli-

able in the open ocean. Because wave models compute the wave

field from surface winds, often provided by atmospheric models,

this progress was made possible by advances in weather fore-

casting and remote sensing of surface winds over the oceans

[1]. This reliability of wave models in forecasting significant

wave heights has also been established thanks to wave height

measurements from space-borne range altimeters as well as in

situ observation from wave buoys. Current efforts to improve

global wave forecasting are now limited by the poor availability

of spectral wave measurements that may validate choices in the

model parameterizations that are tuned to give similar wave

heights on average, but often result in widely different spec-

tral shapes. In particular, it is widely recognized that long pe-

riod waves unrelated to local winds (swells) are still poorly pre-

dicted [2]. Synthetic aperture radar (SAR) “imagettes” covering

small areas of the ocean surface (10 5 km) have now been

acquired routinely since 1992 by ERS-1 and -2 and now EN-

VISAT. These data are still little used because of limitations in

the conditions under which a wave spectrum can be easily re-

trieved from the radar image and the difficulty of assimilating
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wave spectra with variable azimuth wavenumber cutoff. Fur-

thermore, the emphasis on significant wave height in the def-

inition of the “analyzed wave field” at forecasting centers [1],

relative to other variables such as swell wave height or peak pe-

riod, has undervalued the long lasting impact of a proper SAR

assimilation [3]. At the same time, the usefulness of data assim-

ilation has been reduced by dramatic improvements in global

wave forecasting of wind sea waves over the past decade [1].

Yet, the processing of SAR images has progressed, and, sur-

prisingly, the use of SAR images for ocean waves in coastal

areas has been extremely limited in spite of recognized larger

model errors [3], resulting in poorer knowledge of local wave

conditions. SARs, and in particular ENVISAT’s advanced SAR

(ASAR), offer a unique potential for imaging large areas, pro-

viding information about the spatial variations of the wave field.

Indeed, because SAR measurements are generally limited but

well adapted to the measurements of very long waves, SAR im-

ages generally reveal details on the swell transformation that

are related to the underlying bathymetry and/or coastal currents

[4], [5].

Hereafter, the extension to coastal areas of an algorithm de-

signed for wave spectral estimation from single look complex

(SLC) SAR images is described. The performance of this al-

gorithm is discussed for different incidence angles, with a first

validation with in situ data.

II. WAVE MEASUREMENT BY SAR

A. Inversion Principles

SARs rely on the displacement of the antenna (e.g., with a

satellite) to provide a fine resolution in the flight (azimuth) di-

rection that could only be achieved by a fixed antenna with a

much larger aperture. The precise determination of the origin of

echoes in the azimuth direction is given by the Doppler shift of

the scattered signal. Resolution in the other (range) direction is

given by the usual range gating of the return signal. Therefore,

the echo of a fixed scatterer at the ocean surface can be trans-

formed into a pixel on the SAR image. This image is formed

by mapping the intensity of the backscattered signal to phys-

ical space, assuming that scatterers are not moving. Because

the ocean surface does move, the SAR image will show the

scatterers not at their true position in physical space,

but rather at their position in “range-Doppler” space. Over the

ocean, the electromagnetic (EM) waves are scattered with a

mean power that is related to the roughness of the surface at

the scales comparable to the EM wavelength and modulated

by the slope of the ocean surface over scales much larger than

0364-9059/$20.00 © 2005 IEEE
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Fig. 1. Excerpt of the image acquired by ENVISAT on March 9, 2003 at 21 h
45 min. The position of two instruments is indicated (AWA and SA1). The dark
areas correspond to regions of very weak winds. The refraction of waves around
the Pointe du Grouin is clearly visible.

. At C-band 5 cm, ocean waves are visible thanks to three

main imaging processes:

— the wind sea and swell modulate the amplitude of the

shorter waves, and thus the backscatter intensity (hy-

drodynamic/aerodynamic modulation);

— the wind sea and swell modulate the local geometry

and slopes of the sea surface (tilt modulation);

— the wave orbital velocities, with surface convergence

and divergence, produce modulations in the image

as the scatterers moving on the waves are placed

according to these induced Doppler velocities. This

process is known as “velocity-bunching” and is mostly

due to the wind sea (shorter and steeper waves).

The wavy pattern on SAR images [e.g., Figs. 1 and 2(a)] is

generally described by its two-dimensional (2-D) wavenumber

spectrum [e.g., Fig. 2(b)], which, after inversion, is related to

the ocean surface elevation variance (wave) spectrum [e.g.,

Fig. 3(a)]. After many developments, a certain consensus has

been reached on the SAR imaging mechanisms of the ocean

surface waves, and analytical formulations are available for

simulations of SAR spectra from real ocean wave spectra [6].

For space-borne measurements, velocity bunching is recog-

nized to be a dominant modulation mechanism for waves with

crests almost aligned with the range direction, and it is well de-

scribed by theory. Hydrodynamic and aerodynamic modulation

theories still lack satisfactory descriptions for scatterer distri-

bution over longer wave profiles [7], and it will be neglected

here. For low incidence angles, the tilt modulation is found to

dominate for range-traveling waves.

Based on the theoretical nonlinear relation giving SAR

spectra from wave spectra, different algorithms have been

developed for inverting wave spectra from SAR spectra. A

retrieval algorithm generally attempts to reconstruct the ocean

wave spectrum by minimizing the difference between its corre-

sponding theoretically mapped SAR spectrum (obtained with

the forward transformation) and the satellite observation. The

exact derivation of the nonlinear transform being too cum-

bersome to carry out, most of the inversion schemes partially

ignore the complete nonlinear mapping and mostly use the

simplifying gradient of a so-called optimized SAR quasi-linear

transform that best matches the full nonlinear transform [8], [9].

Improvements to this technique have then focused on a better

partitioning of the first guess wave spectral information [10].

The present paper follows an approach that avoids the need

for a first guess for the wave spectrum. The entire wave spectrum

is estimated from the SAR image alone. This type of inversion

is done in two steps: one for the wind sea part of the spectrum,

the other for the swell. Swell-induced motions usually result in

a constructive imaging mechanism, while most of the blurring

destructive effects are associated to the unresolved motions in-

duced by the shorter and steeper wind sea.

For ENVISAT wave mode products, the first step uses the

complete nonlinear SAR forward transform starting from an

a priori knowledge of the wind speed and related wind sea

spectrum [11]. Subsequently, the two main parameters that

govern the wind sea (its degree of development and mean

direction) are optimized. The a priori wind sea spectrum is thus

adjusted, starting from a local wind vector to match the higher

wavenumber nonlinear part of the measured SAR spectrum.

The wind vector can often be determined from the image itself,

and otherwise must be obtained from other measurement or

numerical model output. In the second step, the swell spectrum

is directly estimated from the residual signal, i.e., the observed

SAR spectrum minus the nonlinear wind sea contribution

evaluated in step 1. To further simplify the inversion, step 2 is

usually done by assuming linear mapping, i.e., linear modula-

tion transfer functions (MTFs) between the surface elevation

and the SAR image.

To ensure the validity of the inversion, this two-step scheme is

iterated to check the consistency between retrieved swell spectra

and observed low-pass filtering effects. Because complex im-

ages are now available, the 180 ambiguity in the swell propa-

gation direction can be removed by the analysis of cross-spectra

images between different looks formed from the same image

[12]. These different looks correspond to successive views of

the same scene with short time lags. This technique takes advan-

tage of the finite integration time of the sensor. On ENVISAT,

one wave is observed continuously over 0.7 s, and its motion

during that time can be detected.

B. Description of the Algorithm

The algorithm used here is an extension of the algorithm used

to produce level 2 wave spectra products from the European

Space Agency (ESA)’s ENVISAT ASAR wave mode products.

In practice, the processing of one image block (or one wave

mode product) involves the following operations.

(i) Wind speed is estimated from the measured radar cross

section (i.e., the image must be calibrated) and an
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Fig. 2. Illustration of the steps in the wave spectra inversion for the imagette located near the DW1 instrument (Fig. 5). (a) Intensity image. (b) Image spectrum.
(c) Imaginary part of the image cross-spectrum used for direction ambiguity removal. (d) Autocovariance of the image. (e) Enhanced image autocovariance after
removal of nonlinear contribution. (f) Azimuth cutoff used for quasi-linear spectrum correction.

Fig. 3. (a) and (c) Example SAR-derived and (b) and (d) buoy-derived frequency spectrum and frequency-direction at DW1 (� = 37 ). Because the graph stops
at f = 0.14 Hz, only swell waves are shown.
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a priori wind direction, or visual inspection/

low-wavenumber analysis of the image, using the

backscatter model function (CMOD) described in [13].

(ii) The input SLC image [Fig. 2(a)] is detrended using a

Gaussian low pass filter where the width of the filter

is set such as to best remove the lower frequencies not

related to waves.

(iii) Spectra and cross-spectra are computed corresponding

to three extracted looks with time lags of 0.27, 0, and

0.27 s. An a priori estimation of the speckle noise is

used to reduce the variance of the spectra. A weighted

sum of the spectra and cross-spectra then provides one

single estimation of the spectrum [Fig. 2(b)] and the

imaginary part of the cross-spectrum [Fig. 2(c)]. The

weights given to each spectrum are functions of the

image clutter noise level estimated from the high-fre-

quency energy in the cross-spectrum.

(iv) Spectra are corrected for nonlinear SAR effects. For

deep water and 23 incidence, which is ENVISAT’s

wave mode configuration, this is done with look-up

tables based on direct simulations. Here, this operation

is performed with a resampling of the image cross-

covariance function at short lags [Fig. 2(d) and (e), see

Appendix].

(v) The azimuth cutoff wavenumber is estimated by fit-

ting a Gaussian function to the autocovariance func-

tion of the cross-spectrum image for zero range lag

[Fig. 2(f)], and the image spectrum (after step 4) is

multiplied by a factor , where is the az-

imuthal wavenumber, that corrects for the cutoff effect.

This correction is not applied to the highest frequency

part of the spectrum.

(vi) The linear system transfer functions are estimated

and applied (instrument transfer function and image

to wave elevation MTFs), giving a symmetric surface

elevation wavenumber spectrum in which the wave

direction is only known with a 180 ambiguity.

(vii) In order to remove this ambiguity, the signal-to-noise

ratio (SNR) of the asymmetric spectra is estimated

as the cross-spectral level of the resolved wave mo-

tion normalized by the spectral level in the high

wavenumber part of the cross-spectrum. If this SNR

is above a certain threshold, then the asymmetric

spectrum is smoothed and the final symmetric and

asymmetric wave spectra are obtained from a com-

bination using their clutter noise levels to yield the

ambiguity-free wave spectrum [Fig. 3(c)]. If the SNR is

below a certain threshold, no ambiguity removal is per-

formed and the symmetric spectrum is kept unchanged.

(viii) Although SAR spectra are originally wavenumber

spectra, in situ observations at fixed positions yield

frequency spectra. SAR spectra were thus transformed

to frequency-directional spectra using the general dis-

persion relation. Effects of stronger nonlinearity and

changes in the hydrodynamic MTF may impact the

SAR image analysis but are not considered here. The

inversion algorithm has not been tuned in any way to

the observations.

As described, this inversion procedure primarily estimates the

wave spectrum resolved by SAR (the detected wavy pattern in

the SAR scene). It is thus mainly adapted to long wave sys-

tems. Note that, although the extraction of the swell is based

on the quasi-linear transform, the inversion uses the full theo-

retical nonlinear SAR mapping through the coupling with the

nonlinear part. This algorithm was developed originally for the

wave inversion of ENVISAT ASAR wave mode at a unique in-

cidence angle of 23 , explicitly assuming that observed waves

are in deep water. The SAR products tested here are SLC image

mode products with incidence varying from 15 to 40 . These

images cover coastal areas where the deep water assumption is

no longer valid. The inversion algorithm has therefore been gen-

eralized in two ways.

First, the SAR MTF accounting for short wave tilted by

larger waves has been generalized to take into account the

local variation of backscatter around the changing incidence

angle (different from 23 ). This is simply implemented by

applying for all incidence angles the CMOD empirical rela-

tionship relating incidence to C-band backscatter [13]. Second,

the surface orbital velocities for a given wavenumber, entering

the velocity bunching MTF, have been modified to take into

account the linear dispersion relation for surface gravity waves

, applicable to any water depth , with as

the acceleration of gravity and and as the wavenumber and

radian frequency of the waves, respectively. This replaces the

deep water limit . As a result, the extra parameter

must be found. Here, is obtained from hydrographic sound-

ings (Fig. 4).

Finally, the main modification is related to the fact that a

priori look-up tables were not available for incidence angles

different from 23 in order to evaluate nonlinear SAR map-

ping at different wind speeds and directions. It is well known

that close to its origin, the autocovariance function of the SAR

image is generally much broader than the corresponding real

aperture radar (RAR) image, and the same thing is true for the

cross-covariance of multiple looks. This blurring of short scales

is related to surface nonlinearities including velocity bunching.

Rather than extracting the nonlinear spectral part in the spec-

tral domain, the auto- and cross-covariance functions have thus

been resampled along their spatial coordinates to minimize the

random blurring effects associated with the surface motions.

This deconvolution procedure follows the theoretical mapping

between SAR and RAR pixels (see Appendix).

III. VALIDATION OF SAR-INVERTED SPECTRA IN

COASTAL AREAS

Observations were obtained as part of the “EPEL-2003” ex-

periment initially designed for the validation of wave models in

strong tidal environments (organized by SHOM and CETMEF).

These measurements coincided with the deployment of other in-

struments on the tidal flats of the Baie du Mont Saint Michel by

Ifremer and the University of Caen, where the hydrodynamics

and sediment dynamics are under investigation in relation to the

evolution of oyster and mussel farming. The area where wave

measurements were performed is under the influence of North
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Atlantic swells and strong tides (typical tidal range is 10 m, with

currents often over 1 m/s).

A total of seven ASAR SLC products were delivered by ESA,

corresponding to images acquired on February 24, and March 6

and 9. Out of these, only three contained good wave informa-

tion and were acquired on March 9 at 10 h 22 min, 10 h 23 min,

and 21 h 44 min coordinated universal time (UTC), with the first

two being consecutive along the same orbit. Wave spectral in-

versions were performed from 2 2.5 km blocks in the azimuth

and range directions, respectively, corresponding to 512 128

SAR pixels, giving a wave spectrum every 2 km.

Due to the analysis technique, the distance between the mea-

surement point and the spectral estimation is at most 1.7 km. In

situ data reported here were obtained with four Datawell Wa-

verider buoys (two are directional buoys, DW1 and DW4, while

DW3 and DW2 measured heave only), one Nortek AWAC wave-

current profiler, one Interocean S4DW wave-current meter, and

a tripod (SA1) equipped with a Paroscientific pressure gauge

and an EM MarshMcBirney current meter.

These instruments were deployed in the Golfe Nor-

mand–Breton, in the western English Channel, between

Saint Malo and Granville, in water depths from 30 to 6 m (at

high tide), with a typical tidal range of 10 m (Fig. 1). In spite

of the limited area covered by each image, the maps of Hs

obtained by the present algorithm appear to be rather smooth

(Fig. 5 and 6). A detailed estimation of theoretical uncertainties

on the SAR spectra and Hs estimates is beyond the scope of the

present paper.

We now present comparisons of wave parameters obtained

from the two images acquired in the morning of March 9 with

incidence angles 31 37 and the one acquired in the

evening with incidence angles 19 26 . For reference,

existing methods have only been used previously for imagettes

acquired at .

All images were acquired close to high tide, when currents are

still relatively weak. At the time of the acquisitions, a weak to

moderate southwesterly wind was blowing, but the sea state was

dominated by large westerly swells propagating from the North

Atlantic into the English Channel. Variations in space of the sig-

nificant wave height (Hs) and direction at the spectral peak p

show the sheltering effects of islands, high shoals, and head-

lands, with reduced values of Hs and directions veering from

westerly to southwesterly or northwesterly (e.g., to the East

of the Island of Jersey, Figs. 3 and 4). These patterns closely

resemble what can be obtained by numerical wave modeling.

In particular, the wave height is reduced and the mean wave

direction is seen to rotate downwave of the islands as a re-

sult of refraction and sheltering from the direct wave paths so

that obliquely propagating waves are less attenuated. Crossing

swells are found to the east of Jersey. Numerical simulations in-

dicate that diffraction plays a negligible role for this kind of field

conditions [14].

Figs. 5 and 6 only display wave parameters in image blocks

that are not affected by land. Several criteria were tested to re-

ject land effects, including an a priori land mask, a normalized

image variance parameter (NV), and the absolute value of the

wave height Hs. The NV parameter is able to reject anomalous

image blocks, but a proper threshold is difficult to define. A land

mask such as the Global Self-consistent Hierarchical High-res-

olution Shoreline database [15] can be used to define land and

proves useful for removing land-contaminated points close to

the mainland and the Chausey archipelago. Yet, at high tide, the

Minquiers shoals (Fig. 4) are fully under water and could be

included in the wave analysis. Besides, abnormally large wave

heights were found in the image row closest to the satellite track.

Fig. 5 therefore includes all image blocks with Hs 6 m and a

land fraction less than 0.05. In Fig. 6, we use Hs 6 m and a

land fraction less than 0.07, which now includes the Minquiers

shoals.

We now compare SAR-derived parameters to in situ data. Ta-

bles I and II summarize the main wave parameters: Hs, peak pe-

riod 1 (estimated, in the case of SAR, from the peak

wavelength), p, and directional spread at the peak of the spec-

trum . All these parameters can be obtained reliably from

directional in situ instruments measuring surface displacements

or bottom pressure and velocity [16].

As reported, SAR-derived spectra have a tendency to overes-

timate the wave heights by 10–70% in images acquired at lower

incidence angles (19–26 ). According to the inversion method-

ology, this is likely a result of an underestimation of the tilt MTF.

The bias is strongly reduced for incidence angles larger than

30 , for which tilt modulation is weaker. Errors in the wave peak

period Tp are also reported. Many likely sources of uncertain-

ties besides the SAR inversion itself and/or the subimage sizes

may be invoked, including errors on the dispersion relation be-

tween temporal (in situ) and spatial (SAR) wave spectra due to

depth uncertainties and effect of currents (of the order 1 m/s at

the time of the image [17], [18]). Wave directions are generally

well estimated, and directional spectra have a reasonably narrow

swell shape.

However, at the shallowest site (SA1), a result spectrum

shows a large component propagating against the observed

swell direction. Such an artifact is due to the low SNR in

the presence of very low winds that perturb the ambiguity

removal process. For this particular subimage, the wave-in-

duced backscatter intensity modulation is corrupted and a

more dedicated filtering should be applied. In this case, the

cross-correlation technique has difficulties resolving the prop-

agation direction. A few other examples of wrong peak wave

directions can be seen on Fig. 5 (e.g., at 48 54 N, 2 15 W) and

Fig. 6 (over the Minquiers shoals), where the waves are seen to

propagate against the true wave direction. Again, these image

blocks correspond to rather large values of the normalized

variance and/or shallow water locations with short wavelength

and occasionally strong wave breaking.

Full frequency-direction spectra were also estimated from

in situ instruments using the maximum entropy method [19]

and the SAR images. Above the in situ peak frequency, SAR

results will often show spurious or misplaced secondary peaks

[Fig. 3(a) and (b)] that may be related to both the nonlinear

imaging process and the linear MTF. Wave directions were

fairly well estimated with a low level of noise in directions away

from the true directions [Fig. 5(c)]. For image blocks where the

direction estimation breaks down, additional information on

the likely wave direction (e.g., coming from offshore in coastal

areas) may be used.
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Fig. 4. Bathymetry and position of the in situ instruments. Depth is relative to the minimum astronomical tide.

Fig. 5. SAR-derived significant wave height Hs (colors) and mean direction
at the spectral peak �p (arrows) at 21 h 35 min UTC. The land mask based on
[15] appears in brown. For clarity, only one out of the four arrows is shown.

IV. CONCLUSION

The analysis of synthetic aperture radar (SAR) images can

yield a large amount of information for coastal applications, in-

cluding wave spectra and their variation in space. A straightfor-

ward adaptation of the ENVISAT advanced SAR (ASAR) level

2 algorithm to the processing of narrow swath complex images

was described and demonstrated. As demonstrated with stan-

dard wave mode products, these SAR products contain phase

information that was used to determine the wave propagation di-

rection, without outside information. Thus, the instrument time

integration is sufficient to provide useful changes between dif-

ferent looks at different incidence angles. Such a source of in-

formation is not included in conventional amplitude images for

which a likely wave is probably sufficient. However, as for wave

Fig. 6. SAR-derived Hs (colors) and �p (arrows) at 10 h 22 min to 10 h 23 min
UTC. For clarity, only one out of the four arrows is shown.

mode products, speckle noise is strongly and simply reduced

using the cross-spectral analysis of complex images. Compar-

isons with in situ data reveal an overall good description of swell
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TABLE I
MAIN WAVE PARAMETERS AT 10 h 22 min UTC (MARCH 9, 2003)

TABLE II
MAIN WAVE PARAMETERS AT 21 h 44 min UTC (MARCH 9, 2003)

propagation close to the coast. Frequency spectral shapes are

found to be poorly represented at frequencies above twice the

peak frequency. Overestimated wave heights for the lowest in-

cidence angles indicate that the simplified CMOD-derived tilt

function should be improved, especially for coastal areas. It

should be noted that waves propagating in the radar azimuth di-

rection were observed, with wavelength down to 60 m. This is a

very unusual situation due to a low wind speed and small wave

slopes for which the cutoff is very weak. The imaging process

for these waves is thus likely related to a RAR modulation mech-

anism such as described by [20] and not explicitly represented

in the inversion algorithm used here.

Although the estimation of wave height is intrinsically lim-

ited by random wave variations on the scale of wave groups, a

relatively low level of noise was found in SAR-derived maps of

significant wave height at a resolution of 2 km. This is certainly

encouraging for even higher resolution processing possibly

based on a combination with simple ray-tracing models [14].

APPENDIX

SAR RESAMPLING

We propose a new method for removing nonlinear SAR map-

ping distortions when look-up tables based on nonlinear sim-

ulations of the direct SAR transform are not available for all

possible incidence angles, water depths, and wind speeds.

SAR processing uses the measured Doppler shifts in the re-

turned radar signal to determine the position of the scatters in

the azimuth (along-track) direction. If a random phase fluctua-

tion is introduced in the phase of each individual echo, the echo

will then be misplaced at a position instead of its true po-

sition . Following such a description, the SAR image intensity

, at a given horizontal location and time , will result from

a stochastic redistribution of the RAR intensity at as

where is the instrumental impulse response and is the

Jacobian representing the local variation of scatter density. The

mean intensity is conserved with this mapping between

and , so that after processing, a high-resolution SAR image

can thus still be used as a scatter meter to restitute wind informa-

tion from the intensity averaged over a large enough area. How-

ever, after random redistribution, the SAR intensity pixel covari-

ance function will certainly not coincide with the expected RAR

intensity pixel covariance function , where

angular brackets denote expected values.

Considering the RAR covariance function for small lags ,

, and applying SAR random mapping,

this function will become approximately equal to

for RAR covariance functions that

decay fast with increasing . Assuming spatial homogeneity, the

RAR pixel covariance function around its origin (for 0) is

mapped as 0 in the SAR domain. The

initial lag is now a random variable, increased in the mean by a

factor 0 . In the case of Gaussian sta-

tistics for a random displacement , the mean lag increase factor

depends upon the displacement covariance function around

its origin. For sufficiently small initial lags , SAR mapping will

be characterized by the coefficient 1 [6]. Thus,

the SAR image covariance function measured at a small spatial

lag corresponds to a RAR covariance function evaluated at

a smaller spatial lag . The SAR covariance function indeed

exhibits very slow decays in the along-track direction, corre-

sponding to the very fast decay in the spectral domain (cutoff).

At small spatial lags, a resampling operation can be applied to

correct for most of the SAR mapping distortion. This resampling

operation is dominated by the second derivative of the mean

squared displacement variance at the origin 0 . This

parameter is dominated by the smallest scales and can be shown

to saturate with increasing wind speeds. On the contrary, for

larger spatial lags , the SAR and linearly modulated RAR co-

variance functions will almost coincide. This shall occur when

the displacement variance is small compared to the spatial lag,

i.e., 0 . At these larger scales, the imaging process

is almost linear and there is no need to resample the observed
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SAR covariance function. This effect is therefore local and not

periodic, and should not be deconvoluted in the Fourier domain.

Considering the transformation, with as the SAR

image azimuthal resolution, and an a priori Gaussian shape for

the displacement covariance function, the theory gives

2 0 1

with as the random displacement correlation length, which

was found to be proportional to 0 for all wind speeds. The

control parameter is thus 0 , which is related to the measur-

able cutoff parameter [Fig. 2(f)] [21]. The resampling applied in

the present paper is a simple linear reduction in the cross-covari-

ance function. The image cross-covariance function is divided

by an estimation of the nonlinear remapping function using a

Hilbert transform, which only affects the short lags [Fig. 2(d)

and (e)]. Detailed expressions for this are rather cumbersome.
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