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ABSTRACT

It would be highly desirable to have a global monitoring tool for the detection of freak or rogue ocean surface
waves. Based on the SAR imaging theory of ocean surface waves developed already in the 1980's, it is argued that
unfortunately, despite recent claims to the contrary, this is not possible using SAR wave mode data of the ERS and
Envisat satellites. The main reason for this is that, due to the motion of the sea surface, the SAR imaging
mechanism is, in general, strongly nonlinear. Thus the SAR image of the ocean wave field is a highly distorted
image of the ocean wave field which bears little resemblance with the actual ocean wave field. Exceptions are
perhaps cases where narrow-band swell trains propagate in range direction in the absence of a wind sea. However,
these cases are rare and cannot serve as representative samples for the global distribution of possible sea states.
The locations of the maxima in the SAR image intensity or the "groupiness" in the image intensity distribution do
not, in general, represent the locations of maxima in the wave amplitude or "groupiness" in the actual ocean wave
field. Thus it is impossible to obtain with this technique reliable information on the occurrence probability of
extreme ocean waves on a global scale.

1 INTRODUCTION

Nowadays there is an increased understanding of the reasons why freak waves on the ocean surface are generated.
On the open ocean freak waves are generated by nonlinear focussing. Freak waves have been simulated
numerically (in 1D and even in 2 D) and have been generated in the laboratory. Prompted by the theoretical
evidence, experimentalists had another look at their observed time series from wave buoys. They found that
extreme sea states occurred more frequently then previously thought. A key issue here is that probably in the past a
too strict quality control to the time series for the surface elevation was applied which had the effect

that many cases of extreme sea state were removed from the statistics.

Since ships, oil rigs, etc. have not been designed to withstand these exceptional high surface waves, it is of the
utmost importance to be able to predict the occurrence of freak waves. Modern wave forecasting systems
determine the evolution of the ocean wave spectrum, but do not provide information on the phases of the waves.
Hence, it is not possible to predict individual wave events. However, recently it has been realized [1] that the
nonlinear four-wave interactions imply a relationship between spectral shape and the deviation of the surface
elevation probability distribution function (pdf) from the normal Gaussian distribution. Here large deviations with
positive kurtosis correspond to the likely occurrence of freak waves. In one dimension, this theory has been
succesfully validated against laboratory observations from the big wave tank in Trondheim, Norway. Therefore,
we can predict the probability that extreme or freak waves do occur (probablistic wave forecasting). As a
consequence, at the European Centre for Medium Range Weather Forcast (ECMWF) a freak wave warning
system has been implemented in October 2003.

Clearly, it is highly desirable to validate the present theory of freak wave formation on a global scale. In this paper
we argue that this unfortunately is not possible by using synthetic aperture radar (SAR) images acquired in the
wave mode by the European Remote Sensing satellites ERS-1 and ERS-2 and the Envisat satellite. The main
reason for this is that the SAR imaging mechanism of ocean surface waves is, in general, strongly nonlinear due to
velocity bunching and azimuthal image smear [2], [3], which leads to a highly distorted images that have very little
resemblance with the original ocean wave elevation field.

This paper is organized as follows: In Section 2 we give a brief review of the present theory of freak wave
generation. On the open ocean, extreme waves are generated by nonlinear focussing, a process that also causes the
well-known Benjamin-Feir Instability. Nonlinear focussing is caused by four wave interactions which are the most
efficient when the waves are nonlinear and coherent. A wave system is coherent when the wave spectrum is
narrow. In Section 3 we review briefly the SAR imaging mechanism of ocean surface waves and point out its
limitations. In general, the motion of the ocean surface prevents that there is a simple, linear relationship between
SAR image intensity and the ocean surface elevation (or ocean wave) field. Ocean waves propagating in flight
(azimuthal) direction and having a wavelength below a certain cutoff wavelength (which depends, among others,
on significant waveheight) are not imaged by SAR. As a consequence, SAR observes a too narrow ocean wave
spectrum. Thus the sea state measured by SAR is more coherent than the actual sea state, which leads to an
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artificial increase of the number of freak waves. In order to illustrate that the ocean wave fields and the
corresponding SAR image intensity fields look, in general, quite different, we present in Section 4 two examples of
SAR imaging of ocean waves. In these examples we have approximated the relationship between ocean wave and
SAR image intensity spectra by an azimuthal filter, which acts on the ocean wave spectrum, and have ignored tilt,
hydrodynamic and range bunching modulations. If we would have applied the full SAR imaging mechanism, then
ocean wave fields and the SAR image intensity fields would have looked even more dissimilar. These examples
clearly show that it is not permissible to view the SAR image as being a “true” image of the sea surface elevation
field. Furthermore, we show in Section 5 that the peakedness parameters of ocean wave spectra derived from
Envisat level 2 ASAR wave mode products are much smaller than the ones calculated from the WAM wave
prediction model, although the WAM peakedness parameters correlate well with buoy-derived ones. From this
observation we conclude that the widths of the ocean wave spectra provided by the Envisat ASAR level 2 ASAR
products are too narrow and that they are problematic when using them for identifying ocean regions with narrow
wave spectra, where the probability of encountering freak waves is enhanced. Finally, in Section 6 we summarize
the results of the paper and point out that the claim of Lehner (DLR) and Rosenthal (GKSS) that they have
detected on ERS SAR wave mode data several freak or rogue waves with waveheights above 25 m [4], [5] has no
scientific basis.

2 FREAK WAVE GENERATION

The systematic study of the generation mechanisms of freak waves only started some 15 years ago, but already
there is a reasonable understanding under what conditions freak waves occur. In the 1980's it was well-known that
there are a number of linear mechanisms that may give rise to focussing of wave energy. Examples are refraction
of wave energy by bottom topography and by currents, and diffraction of wave energy behind islands. But

also nonlinear interactions may result in focussing.

First numerical simulations (using phase resolving numerical models) and experiments were done by Japanese
groups in the early 1990's [6] — [8]. From these works the picture emerged that nonlinear focussing enhances the
appearance of freak waves and are the primary cause of freak wave generation in a general wave field. This finding
was confirmed by European groups [9], [10] at the end of the 1990's and the beginning of the 21st century.

These works are primarily concerned with the formation of individual extreme events and the main aim was
exploring the conditions under which these extreme events occur. The main interest here is in forecasting of
extreme conditions. Now, operational wave forecasting is based on an ensemble averaged, or phase averaged,
description of the sea state. At best, we can give statements on the probability of occurrence of freak waves.
Hence, a connection between the generation of freak waves and the probability distribution function of the surface
elevation needs to be established.

Linear waves on the open ocean are independent and therefore the Random Phase Approximation applies. This
means that, in a good approximation, ocean waves follow Gaussian statistics. In linear theory focussing is caused
by constructive interference, which gives at best a doubling of the amplitude. However, the situation for nonlinear
waves is entirely different, because now there is the possibility of wave-wave interaction. Thus, a wave may
borrow energy from its neighbours. Because of this extra focussing, wave height may become 5 — 6 times as large
as the average wave height. As a consequence, for nonlinear waves, the surface elevation distribution is rather
different, in particular for the extremes.

The kurtosis C4, which measures deviations from the Normal Distribution, can be expressed in terms of the wave
spectrum [11], and therefore, for a given sea state, the probability of occurrence of extreme wave events can be
obtained. Hence,

Cy= {:q’::'..-".'&{r;"'::"’ — 1 = function(seastate).

Note that we have defined kurtosis here in such a way that it vanishes for a Gaussian sea state. Further analysis
shows that for narrow-band waves C4 depends on two parameters, namely the Benjamin-Feir Index (BFI) and the
angular width A 0 of the spectrum. Here, the BFI is defined as the ratio of a typical steepness and the width of the
frequency spectrum,

BFI = eV2/d’,,

where

is the relative width of the frequency spectrum and

e = (k2 < p? >)3

is an integral measure of wave steepness (with < nz > the average surface elevation variance and ko the peak wave
number). Nonlinear focussing is promoted when the BFI is large and A 0 is small. In other words, extreme waves



are likely to occur for a steep, coherent sea states. The theoretical picture has been confirmed by laboratory
observations obtained in a Japanese wave tank [12] and in a large wave tank in Trondheim [13]. In

Fig. 1 the theoretical pdf of wave height is compared with an observed record from the Trondheim wave tank for a
case of strong nonlinear focussing with BFI = 1.2. Note that a well-accepted definition of an extreme sea state is
one where wave height exceeds twice the average significant wave height of the surrounding wave field. It is then
evident from Fig. 1 that in this strongly nonlinear case it is very likely to expect extreme waves as at H/H=2 the
pdfis 10 times larger than the one from linear theory (Rayleigh distribution). And indeed, the time series showed
evidence of the generation of freak waves.
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Fig.1: Comparison of theoretical and observed wave height distribution [13]. For reference, the linear Rayleigh
result is shown as well.

3 SAR IMAGING OF OCEAN WAVES
3.1 The freak wave issue

It is highly desirable to have a global monitoring tool to detect extreme events, such as freak waves are. Recently
Lehner [4]and Rosenthal [5] claimed that they have detected on a global set of ERS-2 SAR wave mode data
(consisting of 34000 imagettes acquired over a period of 27 days in 1996 and 1996) several freak or rogue waves
with waveheights above 25 m [4]. However, no proof of this claim has been given. Rather Nieto Borge et al. [14]
and Niedermayer et al. [15] produced global maps of grouping parameters obtained from SAR images. But, on a
global scale it is not permissible to assume that the ocean surface elevation field is linearly related to the SAR
image intensity. In [15] it is stated that for the range travelling case the group structure of the wave field, i. e., the
size and the relative position of the groups, is well represented in the SAR image. Under certain conditions, this
may be true for the case of long waves travelling close to range direction, but it is not true for waves travelling in
the other directions. On a global ocean, ocean waves propagate in all directions. Their argument cannot be used as
a justification for applying the results of their image processing techniques to a global data set with the aim of
obtaining useful information on the distribution of freak waves on the World’s ocean. In general, due to the
nonlinearity of the SAR imaging mechanism, the group structure of the ocean wave field is quite different from the
group structure of the SAR image intensity field. Groupiness detected on SAR images do not, in general, match
groupiness and maximum wave height in the ocean wave field. In any case, their image processing techniques
cannot be applied to a global data set where all kinds of ocean waves are encountered propagating in all directions.
Thus this technique yields no useful information on the distribution of freak waves on the World’s ocean.

In arecent paper Schulz-Stellenfleth and Lehner [16] have proposed a method for extracting sea surface elevation
fields from complex SAR data. However, this method uses a quasi-linear transform which applies only when the
waves travel close to range direction. They smooth the SAR spectrum in the azimuth direction which leads to
severe artefacts in the retrieved ocean wave field. The authors give no proof that their method is applicable for
extracting information on freak waves from a global wave mode data set that does not contain only near range
travelling ocean waves. But even for range travelling waves this method cannot be applied for detecting freak
waves, because they make the assumption that the modulation of the normalized radar cross section (NRCS) is
linearly related to the sea surface elevation, which cannot be valid when SAR images extreme waves. In this case
the waves break and the scatter elements move with a faster speed (phase speed) than the orbital velocity.



3.2 Basics of the SAR imaging mechanism of ocean waves

In order to explain this in more detail we review briefly the main features of the SAR imaging mechanism of ocean
surface waves. For low to moderate sea states, the modulation of the SAR image intensity is caused by (1)
modulation of the normalized cross section (NRCS) consisting of tilt, and hydrodynamic modulations, (2) by range
bunching modulation, and (3) by motion-induced modulations [17],[18]. The most important contribution to the
motion-induced modulation is “velocity bunching” [2], [3], [19]. It is related to the use of phase information by the
SAR to locate the azimuthal position of scattering elements (facets). The SAR positions the facet always at the
azimuthal location of zero Doppler shift. The orbital motion of a facet (caused by the long ocean waves) induces
an additional Doppler shift which is misinterpreted by SAR as an azimuthal offset of the position of the facet. This
is accompanied by variations in the apparent facet density in the SAR image, which enables waves to be seen even
when no NRSC modulation is present.

The azimuthal displacement is proportional to the product of the radial component of the orbital velocity of the
waves and the range (R) to velocity (V) ratio, B=R/V, of the SAR platform. In particular, for polar orbiting
platforms with B = O(100) s the velocity bunching effect is a serious issue. When the displacement is small
compared to the length of the ocean wave of interest, the velocity bunching effect is linear. However, if the facet
displacement becomes comparable or larger than the length of the longer ocean waves, the wave patterns in the
SAR image become severely distorted and can even be completely smeared out. This ultimately limits the
azimuthal resolution of the SAR at a finite cutoff wavenumber. This is illustrated in Fig.2 for increasing

nonlinearity (e.g. for increasing wave amplitude).
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Fig.2: Azimuthal displacement of a facet in the SAR image plane due to the long wave orbital velocity; a) linear
imaging; b) nonlinear imaging, c) strongly nonlinear imaging.

The velocity bunching mechanism is a purely geometrical, fully determined process. If the other contributions to
the SAR image intensity modulations are known, then the mapping of the sea surface into the SAR image plane
and the nonlinear transformation of the wave spectrum into the SAR image spectrum can be computed for a given
realization of the ocean wave field. This is the basis of the Monte Carlo approach of Bruening et al. [20], [21],
where for a given ocean wave spectrum a number of random realizations of an instantaneous ocean wave field are
generated. For each member of the ensemble, the sea surface is mapped into the SAR image plane. Fourier
transformation of the image and averaging of the squared amplitudes then gives an estimate of the SAR image
variance spectrum. In Fig. 3 an example of such a Monte Carlo simulation of a SAR image spectrum is depicted
which shows that SAR (here flown on the Spaceshuttle which had at this flight a low value of B of about 30 s)
distorts the actual surface wave spectrum to a considerable extent. Note that the spectral peak in the SAR spectrum
is rotated towards range direction (vertical axis). This shift of the wave direction was confirmed by comparing the
SAR image spectum with an ocean wave spectrum measured by a wave buoy.

nonlinear

Fig. 3: Ocean wave imaging from Spaceshuttle. The SAR image spectrum is highly distorted. In particular, the
spectral peak is rotated in the SAR spectrum towards the range direction (vertical axis).



3.3 Azimuthal cutoff

While the orbital motion of the long ocean waves with an azimuth component allows the waves to be imaged
through the velocity bunching mechanism, the random motions of the ocean surface caused by the shorter scale
waves introduce random shifts in azimuth that in turn degrade the azimuth resolution. In short, the SAR acts like a
low-pass filter because waves with an azimuth wavelength shorter than A, are not detected by SAR. Beal et al.
[22] used a Gaussian shaped low-pass filter and found a semi-empirical relationship for the minimum detectable
wavelength, which depends on significant wave height Hy and on p=R/V. Here, we will use a slightly more
general approach based on the work of Hasselmann and Hasselmann [18] who find that for a Gaussian sea the
effects of velocity bunching on the SAR image spectrum are indeed given by means of a Gaussian-shaped low pass
azimuthal filter function G. Adopting from now on the convention that the range is in the x-direction while the
azimuth is in the y-direction, we have

G(k,) = exp (—F:y'.,‘)

where the cutoff wavenumber is defined as

;l = 4 / Ak [T (K)[PF(F).
Here, T'(K) is the range orbital velocity transfer function [3] and F(K) is the wavenumber spectrum of the ocean
surface waves. For the relatively small incidence angles (of the order of 20 degrees) at which the SARs on board
the ERS 1/2 and ENVISAT satellites are operating, the expression for the azimuthal cutoff wavenumber may be
simplified [23] since directional aspects of the wave field can be shown to have a small impact. As a result, the
cutoff wavenumber is in good approximation proportional to the vertical component of the orbital velocity, and
given by

1 2 [ a8 2p(E
i 3 / dk W*F(F).

Note that, following [24], the SAR azimuth cutoff wavelength Ani, is defined as Amin = m/k.. In a similar vain as in
[22], it is straightforward to obtain a realistic estimate of the azimuth cutoff wavelength by using the well-known
Phillips' spectrum

() — OF -3

F(k) = 5 k
for k>k, = oopz /g. Here o, denotes the angular peak frequency and o, denotes the Phillips' parameter.

For the typical case of an old wind sea, the waves at the peak of the wave spectrum have a phase speed that
matches the wind speed at 10 m height, U;y . As a consequence, Anin becomes

The last approximation follows from typical values: B =115 s, and a, = 0.01. Even for fairly low wind speeds of

5 m/s one finds already quite long azimuthal cutoff wavelengths of the order of 125 m, while for the

climatogical mean wind speed of 7.5 m/s one finds Amin = 188 m. This suggests that the loss of azimuth resolution
by the velocity bunching mechanism is a serious problem for imaging ocean waves by means of SAR.

3.4 Nonlinearity

The SAR imaging of ocean waves has been based on linear arguments. Consequently, the pdf of the sea surface
elevation was taken as a Gaussian, which is consistent with the assumption that waves are linear. However,

for extreme waves the SAR imaging mechanism is expected to be highly nonlinear because of the breakdown of
the linear relationship between wave amplitude and cross section modulation. This applies also to range travelling
ocean waves.

In addition, the assumption of a normally distributed surface elevation may not be valid in case of freak waves [11]
For example, in the Hasselmann and Hasselmann approach [18] the effect of velocity bunching in wavenumber
space is obtained by determining the ensemble average of



where { =&(r1) - & (r2) is the difference in azimuthal displacement & at two locations r; and r,, respectively. For
a Gaussian sea one readily finds

This is a straightforward calculation because the ensemble average of Ny is nothing but the so-called characteristic
function of the pdf of {, which in fact is the Fourier transform of the pdf.
Note that

Hence, in wavenumber space, the low-pass filter which represents the velocity bunching effect is just the Fourier
transform of the pdf of the stochastic process .

Therefore, for a Gaussian sea the azimuthal low-pass filter is a Gaussian, and this is in most cases expected to be
an adequate model. For extreme events, however, the pdf is non-normal and deviations in the shape of the
azimuthal low-pass filter are expected. In order to illustrate this point, deviations from normality are modelled by
means of an Edgeworth distribution [11] but ignoring effects of skewness. The pdf for the azimuthal displacement
& then becomes

where

is the normal distribution with variance o>, while Cj is the kurtosis parameter for the displacement &.
The ensemble average of Ny now becomes

with k; = 1/ o . The effect of finite positive kurtosis is to broaden the low-pass filter in the wavenumber space. This
suggests that by studying the shape of the azimuthal low-pass filter one can, in principle, infer statistical
parameters, such as skewness and kurtosis, and thus obtain information on the occurrence of extreme sea states.
However, changes in the shape of the low-pass filter are relatively small; the extreme case of C4= 0.5 would only
give a decrease in the azimuthal cutoff wavelength of 10 %. In addition, the above result is only an indication

of the expected impact of deviations from Normality, as effects of skewness on the nonlinear SAR mapping
transform should be taken into account as well. Work in this direction is under way.

4 EXAMPLES OF SAR IMAGES

One would expect that the distortions produced by the SAR imaging are minimal when waves are travelling in the
range direction, because these do not suffer from the velocity bunching effect. Therefore, Nieto Borge et al. [14]
claim that their wave group analysis is valid for nearly range travelling waves, but even this can be questioned
because (1) the low-pass filter produces in the azimuth direction a too narrow spectrum and (2) the nonlinearity
and velocity bunching rotates the waves in the SAR image towards the range direction. These effects cause that the
SAR observes a much narrower wave spectrum than is present in reality. Hence, SAR measures a more coherent
wave system and thus it is more likely to find extreme events in SAR images (as the effects of destructive
interference are reduced by the low-pass filtering).

In order to illustrate some of the problems with SAR imaging of ocean waves we have simulated two maps of sea
surface elevation and calculated the corresponding SAR image intensity maps by using a simplified SAR imaging
model of ocean waves. Since our aim is to solely illustrate the effect of velocity bunching on the SAR imaging of
ocean waves, we neglect for this purpose the effects of tilt, hydrodynamic, and range bunching modulations and
relate the SAR image intensity spectrum P(k) to ocean wave spectrum F(k) by an azimuthal low-pass filter:

P(k) = exp(-k,/k.”) F(K)
Realizations of the ocean wave fields and SAR image intensity fields are generated from the corresponding spectra

by using random phases (according to a uniform pdf). The phases of the waves are chosen at random, but for each
example shown they are the same random choice.



Simulations have been carried out for two cases: (1) a Jonswap spectrum and (2) a combination of a Jonswap
spectrum and a swell spectrum (a Gaussian as function of angular frequency o and direction 0).

In the first example the ocean wave field consists of a wind sea with a peak frequency of 0.11 Hz, a wave height of
3.5 m and a mean wave direction which is 45 deg. from the range direction. Results of the simulations are depicted
in Fig. 4. The panels on the left show the wavenumber spectrum of the sea surface elevation (top panel) and the
wavenumber spectrum of SAR image intensity (lower panel),where the ky direction corresponds to the range
direction. The panels on the right show the sea surface elevation map (top panel) and the corresponding SAR
image intensity map (bottom panel). The azimuthal cutoff wavelength (determined from the third equation of
Section 3.3) is in this case Amin =229 m. This example clearly shows that the group structure of the sea surface
elevation field and the SAR image intensity field are quite different and that velocity bunching rotates the waves
towards the range direction.

Fig.4: Comparison of a sea surface elevation map with the corresponding simulated SAR image intensity map
(right panels). In the left panels the corresponding ocean wave and SAR image intensity spectra are shown. Imaged
is a wind sea with mean wave direction of 45 deg. from the range direction. The azimuthal cutoff wavelength is
229 m. The x-direction is the range direction.

In the second example the ocean wave field consists of crossing seas, a case which is thought to have some
relevance for freak wave generation. Here, the wind sea is the same as in the previous example, but we have added
a narrow-band swell travelling in range direction. The significant wave height is now 4.94 m, while the peak
frequency of the swell is 0.08 Hz. While in reality (top right panel) we see a fairly chaotic sea state mainly
propagating in the wind sea direction, the SAR image shows, on the other hand, a coherent pattern propagating in
the range direction, thus giving a completely false picture of reality.



Fig.5: Comparison of a sea surface elevation map with the corresponding SAR image intensity map (right panels).
In the left panels the corresponding ocean wave and SAR image intensity spectra are shown. Imaged is a wind sea
with mean wave direction of 45 deg. from the range direction and a swell travelling in range direction. The
azimuthal cutoff wavelength is 278 m. The x-direction is the range direction.

5 PEAKEDNESS OF OEAN WAVE SPECTRA

When aiming at locating extreme wave events, it desirable to have information on the width of the ocean wave
spectra. Ocean wave spectra with narrow widths tend to favour the generation of extreme waves. For this purpose,
ECMWEF uses Goda's peakedness parameter Q, which is defined by

where E(w) is the frequency spectrum of the ocean wave field. Narrow spectra correspond to high values of Q.

First, Fig. 6 shows that the WAM model gives, compared to buoy data, an accurate, unbiased estimate of Q.
Therefore, it seems that modelled ocean wave spectra could play a useful role in assessing how coherent the local
sea state is, and thus provide information on the probability of the occurrence of freak waves. On the other hand,
the ENVISAT level 2 ASAR wave mode products turn out to be problematic in giving good estimates of the
peakedness of the ocean wave spectra. This is seen in Fig.7 where peakedness from the Envisat level 2 ASAR
wave mode product is compared with the corresponding counterpart from the WAM model. Evidently, spectra
from Envisat level 2 products are too narrow. Note that the same applies also to the directional width A 6.

This confirms our expectation from the previous section that, because of the azimuthal cutoff, SAR indeed gives
too narrow ocean wave spectra and therefore observes a too coherent sea state. Thus ocean wave spectra derived
from the Envisat level 2 ASAR wave mode products are prone to yield a too high probability of the occurrence of
freak waves.



Fig.6: Comparison of modelled peakedness against buoy observations over the period October 2002 until April
2003

Fig. 7: Comparison of peakedness from the Envisat level 2 ASAR wave mode products with modelled peakedness
for December 2005.

6 SUMMARY AND CONCLUSIONS

Recent observations of freak waves and theoretical developments on nonlinear focussing have increased our
understanding of the generation of freak waves. A nonlinear, coherent sea state is most likely to generate these
extreme events. This notion is supported by evidence from laboratory studies, however, validation of

all this on the ocean is still required.

Observations of individual freak wave events from satellites would be most useful for the monitoring of these rare
events. If these observations would exist, one would obtain important information on the frequency of occurrence
of freak waves and its most likely location. In addition, it would be possible to validate existing scenarios of
freak wave generation, which would be of tremendous benefit for the purpose of freak wave prediction.

Global monitoring of freak waves using the ERS SAR and ENVISAT ASAR images, in particular wave mode
data, is most likely not possible, as these images give a highly distorted view of the occurence of extreme events
over the global oceans. A necessary condition for freak waves to occur is that the waves are steep. This condition



most likely occurs under conditions of wind -wave generation. As soon as the wind-waves leave the storm area,
wave dissipation will reduce wave steepness considerable and the eventual result is a gentle sea state called

swell. Nonlinear focussing is unlikely to happen for swell. Nevertheless, SAR images only give a true picture of
the sea surface under low wind conditions when swell is the dominant feature of the sea state and when it
propagates close to range direction. In other cases, velocity bunching will give rise to serious distortions of the
wave field.

From a freak wave forecasting perspective, all that is needed are global observations of kurtosis and skewness of
the pdf of the sea surface elevation. In theory, a radar altimeter could provide this information [25], while, as
indicated in this paper, also the shape of the SAR azimuthal low-pass filter might give information on non-normal
aspects of the sea surface elevation pdf.

In this paper we have pointed out that the detection of several freak waves with wave heights above 25 m on ERS
SAR wave mode data [4], [5], as claimed by Lehner (DLR) and Rosenthal (GKSS), has no scientific basis. Thus,
unfortunately, the methods developed in their groups using ERS and Envisat wave mode data are inadequate for
giving the probability of occurrence of freak waves on a global scale. The methods described in their papers [14]-
[16] only apply to ocean waves that travel close to the range direction and are therefore inadequate for
investigating ocean wave fields using ERS and Envisat wave mode data on a global scale since, on the World’s
ocean, waves are encountered that travel in all directions. ERS SAR and Envisat ASAR images most often show
range travelling waves. But this is due to an artefact of the SAR imaging mechanism. Due to the nonlinearity of the
SAR imaging mechanism caused by velocity bunching, ocean waves that in reality travel in off-range directions
are rotated in the SAR image in the range direction. In addition, it is expected that even for range travelling waves
their methods cannot be applied for detecting freak waves, because of the assumption that the modulation of the
normalized radar cross section (NRCS) is linearly related to the sea surface elevation, which is most likely not be
valid when SAR images extreme waves.
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