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Abstract— Within the last years a considerable number
of large ships have been lost due to severe sea state con-
ditions. The cause of accidents are in many cases believed
to be rogue waves, which are individual waves of excep-
tional wave height or abnormal shape. In particular steep
breaking waves can be fatal for smaller ships. Damage is
sometimes also be caused by unusual grouping of waves,
which can lead to dangerous ship motion.

In situ measurements of extreme waves are sparse with
most observations reported by ship masters after the en-
counter. In this paper a global data set of 5 x 10 km sized
synthetic aperture radar (SAR) images acquired by the Eu-
ropean Remote Sensing satellite ERS-2 every 200 km along
the track is used to analyse extreme ocean wave events. As
the European Space Agency (ESA) does not provide this
dataset as a standard product wave mode raw data were
reprocessed to complex SAR images using the processor
BSAR developed at the German Aerospace Center (DLR).
About 1000 globally distributed SAR wave mode images
are available every day.

Two dimensional ocean wave fields are derived from SAR
images by inversion of the SAR imaging mechanism. Indi-
vidual high waves are detected in the derived wave fields
using a matched filter technique.

The inhomogeneity of ocean wave fields is analysed using
a parameter, which describes the shift invariance of the
wave spectrum.

I. Introduction

Traditionally ocean wave measurements with synthetic
aperture radar (SAR) data are based on a spectral ap-
proach. Different schemes to derive ocean wave spectra
from given SAR spectra have beeen proposed [1], [2], [3].
To take advantage of the full high resolution image in-

formation ERS-2 wave mode raw data were processed to
single look complex SAR imagettes, that are not available
as a standard ESA product, using the BSAR processor,
developed at the German Space Agency (DLR). In to-
tal 34 310 SAR imagettes acquired every 200 km along
the track were processed representing 27 days of data be-
tween August 21, 1996 and June 2, 1997. Studies on the
use of ERS wave mode data for wind and wave measure-
ments were published in [4], [5], [6] (this issue) and [7],
[1], [8]. Wind direction can be retrieved from wind in-
duced streaks and wind speed from the mean normalized
radar cross section of the SAR imagette using the C-band
model CMOD4, which was originally developed for the
ERS scatterometer (SCAT).
Fig. 1 shows two imagettes from the reprocessed data

set with ocean wave patterns. Details about the pro-
cessing of wave mode data and a first comparison with
ocean wave model data provided by the European Cen-
tre for Medium Range Weather Forecast (ECMWF) can
be found in [5]. Having the full image information avail-
able the reprocessed data set allows to apply image anal-

Fig. 1. Two ERS-2 imagettes of 10 by 5 km size reprocessed from
wave mode raw data using the DLR BSAR processor. The
resolution is about 20 m.

ysis techniques for detection of individual waves and wave
groups on a global scale.

II. SAR retrieval of a sea surface elevation
field

Fig. 2. SAR ocean wave retrieval in the spatial domain. The top
image shows a normalized ERS-2 wave mode imagette acquired
at 48.45◦S, 10.33◦E on Aug 27, 19969, 22:44 UTC. On the bot-
tom the retrieved sea surface elevation field is shown.

Instead of doing the SAR ocean wave retrieval in the
spectral domain ocean wave fields can be derived by in-
version of the SAR image itself. Using a Fourier repre-
sentation of the ocean wave field ζ

ζ(x, t) = 2 Re[
∑

k

ζk exp(−i(k x − ω t))] (1)
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the corresponding normalised SAR intensity image at
time t = 0 is given by

I(x) − 〈I〉
〈I〉 = 2 Re[

∑

k

ζk T S
k exp(−i k x)] (2)

where we have used a quasilinear approximation. Here
T S is the SAR transfer function [9], ω is wave frequency,
and ζk are the complex Fourier coefficients. Using the di-
rectional information contained in cross spectra [10] the
mapping relation given by eq. 1 can be inverted. Note
that this quasilinear inversion technique is in general only
feasable in cases where the dominant wave system is trav-
elling in the approximate across flight (range) direction, as
too much spectral energy is lost due to the azimuthal cut-
off mechanism [9] otherwise. Fig. 3 shows a retrieval of a
sea surface elevation field (B) using a normalized ERS-2
SAR imagette (A). The image was acquired in the south
Atlantic with about 10 m significant waveheight according
to the ocean wave model run at the ECMWF. Applica-
tion of the inversion scheme described in [11] (this issue)
using the ECMWF spectrum as prior knowledge gave a
slightly higher Hs of 11.5 m.

III. Detection of extreme individual waves

Fig. 3. Surface plot of an individual wave of about 30 m height
found in ERS-2 SAR data.

The highest individual wave in the derived ocean wave
field was detected by using a matched filter approach.
The required model for an individual wave is based on
a harmonic wave, which decays both in the propagation
direction defined by the peak wavenumber vector kp and
in the across propagation direction.

m(x) = cos(kp x) exp(−α(k⊥
p x)2 − β(kp x)2) (3)

Here kp is the peak wavenumber vector found in the re-
trieved wave spectrum and α and β are parameters de-
scribing the rate of decay in kp and k⊥

p direction. The box
in Fig. 3 indicates the location of the highest individual
wave found by searching for the maximum of the cross co-
variance function of ocean wave field and individual wave
model eq. 3. Fig. 4 shows the respective cut through the
wave field. It can be seen that the detected individual
wave has a height of about 30 m. With a corresponding
significant waveheight of 10 m this wave can be called a
rogue wave according the requirement ≥ 2Hs which is
often used as a definition.
SAR measurement of sea surface elevation fields in-

stead of the corresponding spectra opens up a new field
of ocean wave analysis techniques. With the restrictions
mentioned above it is possible to investigate non-gaussian
features of ocean waves, which can e.g. be caused by rogue
waves.

Fig. 4. Cut through the retrieved ocean wave field in range direction
as indicated in Fig. 3.

IV. Global Maps of extreme wave height

Up to now only a limited test data set of about three
weeks of imagette data in 1996 and 1997 is available. Usu-
ally data are stored only as rather coarsely gridded image
spectra. This SAR data set was inverted to individual
wave heights and investigated for individual wave height
and steepness. The wave mode data images of the EN-
VISAT satellite will be available operationally, thus al-
lowing a global overview of the ocean surface.
Fig. 5 shows the maximum wave height found for this

data set on a three by three degree grid. Data are from
the time period between August, 21st, 1996 to September,
8th, 1996, October, 4th, 1996 to October 9th, 1996 and a
short time period of June first to second 1997. The highest
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individual waves are found in the area around Antarctica
as expected. The highest individual wave event detected
in this dataset happened on August 20th, 1996 at 22:51:17
UTC, 44.6 degrees south and 7.1 deg. east with a crest
to trough waveheight of 29.8 m. For this case maximum
to significant waveheight is then 2.9. Furthermore the
storm track of the hurricane FRAN approaching Florida
can be observed in the Atlantic between 20 and 30 degrees
northern latitude. Individual waveheights between 15 and
18 m are observed. Due to the short fetch highest waves
do not occur in hurricanes as expected. Of course these
results have still to be treated with care as measurement
of individual waveheights of radar images could not be
validated up to now.
Figure 6 shows a global map on a 3 x 3 degree grid

of the maximum steepness derived from the SAR derived
digital elevation model of the sea surface. It can be seen
that the steepness has a similar global distribution as the
maximum wave height with the most extreme values ob-
served in the south Atlantic.

[m]

Fig. 5. Global map of heighest individual waves heights detected
in a data set of ERS-2 imagettes acquired within three weeks.

V. Conclusions and Outlook

The remote sensing techniques described in this study
help to find empirical relationships between mean sea
state characteristics and probabilities of extreme wave
events. Furthermore “hot spots” are identifiedand thus
to improve risk maps of extreme individual wave events.
Obviously this data set comprises too short a time frame
to give validated long term statistics on extreme wave
heights. It is therefore intended to reprocess the wave
mode data set for the full lifetime of the ERS satellites
and extend the study to the recent ENVISAT data. Vali-
dation of the proposed methods is planned using buoy and
laser measurements as well as data acquired by ground-
based radar [12] (this issue).

Fig. 6. Global map of maximum wave steepness detected in a data
set of ERS-2 imagettes acquired within three weeks.

It is expected that the presented approach will give new
insight into different aspects of ocean wave physics like,
e.g. wave breaking.
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