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the MaxWave project. All these data cover different

ABSTRACT periods and different geographical areas, wheferdifit
Within the framework of the MaxWave project, sea state conditions were presented.

new algorithms to detect extreme wave events from
radar images have been developed. This work shows
results obtained in the project concerning the aite INTRODUCTION
of extreme waves, which produce serious damages to
navigation and off shore industry, by using micrewa Within the last years a considerable number oféarg
remote sensing techniques. In addition, the paper ships, as well as off and onshore structures, le@s b
contains a description of all the different setsseh lost or damaged. The causes of these accidents are
surface radar measurements acquired and processed f

Figure 1. Scheme showing the conventional and ndedgloped algorithms for buoy and radar datantdyae extreme
waves and wave grouping.




Figure 2. Subimage of about 30km from ERS-2 SARgenamode taken in the vicinity of Cabo de Pefiastiieon Spanish coast).

records, which provide reliable information abobe t

many cases reported as rogue waves. These aretemporal variability of such phenomena at a fixedan

individual extreme waves of exceptional wave height
and shape.

This paper deals with an overview of the results
obtained in the Work Packages 1 and 3 of the MaxdVav
project. The main objective of the workpackagethes
detection, investigation and explanation of rogusevev
phenomena. In addition to conventional buoy dat an
standard spectral analysis, spatial radar data from
marine radars and satellite imagery was used. asle t
included the detection of rogue waves, and extreme
wave groups from the data, as well as the invetitiga
on wave statistics with respect to those extremeewa
events. As the acquisition of the new data setsthead
derivation of new algorithm is best described jgirthe
report about workpackage 1 and 3 is given together.

Two different radar concepts were used: Space borne
Synthetic Aperture Radar (SAR) and Wave Monitoring

position (e.g. the buoy deployment point). Radar
systems instead provide spatial information of ¢ea
surface at a given time and thus show a synopticiya
of the spatial structure of the ocean waves. Jatll
observe the ocean surface continuously on a ghuzdé
thus showing extreme events during hurricanes tineén
southern oceans, where most of the extreme evesrts w
found during this study. A new quality of obsereati
comes from the fact that crossing seas can easily b
observed.

In the case of nautical radar by every turn of the
radar antenna, temporal information is acquired, to
the frame of the project nautical radars were medint
on platforms to collect long term statistics, eag.olil
platforms or on ships navigating through dangerous
ocean areas like the Alghulas Current.

In recent years, it has been demonstrated that both
sensors (SAR and nautical radar) are reliable ttmls

System Il (WaMosS Il), a wave measuring device based analyze sea state by determining the directionattsp
on standard marine radar technology. These radar from the radar images and suitable inversion allgors.
systems are described in more detail in subsequent Although the information that the directional spaat
sections of this paper. provides about sea state is very useful to determin
expectation values of e.g. significant wave heighd
Traditionally, rogue waves and wave groups have mean direction, the directional spectrum is noficieht
been studied by means of time series analysis of bu to describe properly the wave phenomena as extreme



individual events, which are subject of the MaxWave
project.

Therefore, it is necessary to extend the methods of
analysis of radar images to the spatial domainriteo
to describe and identify properly individual waveasd
wave grouping variability in space. Figure 1 shoavs
scheme of conventional and the newly developed
algorithms to analyze those extreme wave phenomena.

The following is structured as follows: The second
section describes briefly the two radar sensord.uBee
third section deals with a description of the ealalié
data sets acquired from different measuring canmsaig
for the MaxWave project. The fourth section shows
some results of the different algorithms developed
within the project framework to detect individuahve
height and wave grouping features. The fifth sectio
shows the results of some of the described algosth
applied to a set of SAR images taken by the Eunmopea
satellite ERS-2. Global scale statistics of extramase

phenomena are derived, a first step towards a Radar

Hogben Atlas. Finally, the lasts section contaihe t
conclusions and the outlook.

DESCRIPTION OF THE RADAR SYSTEMS USED

Space borne Synthetic Aperture Radar

SAR sea surface images cover large areas of the

ocean providing synoptic information about ocean

waves. Space borne SAR systems can use several
scanning modes to detect sea surface features on

different scales (e.g. wave mode, 10 x 5*kimage
mode, 100 x 100 kfmor even larger in Scan SAR mode
as provided by the recent European satellite ENV|SA
which can cover areas up to 500 x500°knfigure 2
illustrates an example of a SAR measurement taken b
the European satellite ERS-2 in its image mode. The
SAR image shows the long swell refraction due ® th
water depth changes in the vicinity of Cabo de Befa
(northern Spanish coast).

Beyond just showing a synoptic overview space borne
SAR images have been successfully used

Scan SAR images with a coverage of 400 x 400 km and
a resolution of 100m do usually no longer show acea
waves, but can be used to determine severe weather
systems on a synoptic scale. As an example thievatr

of surface winds from the analysis of the SAR image
intensity is shown for a RADARSAT Scan SAR image
taken near Greenland [Horstmann et al., ].

Figure 3. SAR intensity image (A) and the corresfiog
wave spectral estimation (B) by using the PARSAdatgm.

Figure 4. Significant wave heights estimated fronglabal
data set of complex ERS-2 imagettes (10 x 5)lanquired on
September 5, 1996 using the PARSA retrieval scheme.

WaMosS I

WaMoS Il (Wave Monitoring System) is an operational
wave measuring sensor, which uses standard marine
radars as a remote sensing device. Marine radars ar

to derive used generally for ship traffic control and navigat

mean sea state parameters in the open ocean. Anpurposes.

example of wave information extracted from SAR

images can be seen in Figure 3, where an ERS-2

imagette is used to derive the wave spectrum. Whige

A WaMoS Il measurement is a temporal sequence of

spectrum has been obtained using the PARSA scheme consecutive radar sea surface images. Hencepéhials

(Partition Rescale and Shift Algorithm) [Schulz-
Stellenfleth et al., 2003b]. The idea behing PARS o
take the overall shape of the spectrum from nurakric
wave models like WAM using a spectral partitioning
method (see Figure 2). Figure 4 shows globally
distributed estimations of significant wave heights
derived from the PARSA algorithm applied to the ERS
1 SAR imagettes acquired on September 5, 1996. In
further sections of this report this images areduse
additionally to determine individual and thus maxim
wave height.

and temporal variability of the sea surface isuded in

the WaMoS Il data sets. WaMoS Il is suitable to be
mounted on coastal tower, as well as off shore
platforms, providing sea state information in réaie.
Figure 5 shows the Ekofisk oil field in the centirth
Sea with a WaMoS Il installation and an examplearad
data set. Three in-situ sensors, one wave ridey bad
two laser sensors are placed in this area. Recentl
new technique was developed extending the capabilit
of nautical radar to determine environmental
information. This new technique enables the
measurement of high resolution ocean surface wind
fields [Dankert et al., 2003b;c].
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Il system is installed on the platform (2/4k) irethackground.
A temporal sequence of sea surface images is shdwrave

rider buoy is placed near the oil field, andtlaser sensors a

mounted on the main complex.

ocean

surface for

wave height

and current

measurements [Schulz-Stellenfleth et al., 2001].

= Table 1 summarizes the radar data available within
WaMoS .
\ the MaxWave project.
e}
System Platform Time period Location
WaMosS Il EKOFISK Feb. 2-Sep. 13, Central
platform 2001 North Sea
WaMosS Il Grey Fox Jun. 6-Aug. 6, | See Figure 8
2001
WaMosS I Northen Feb. 26-may 24, | See Figure 9
Pioneer 2002
INSAR Aircomander Nov. 9, North coast
2000 of Spain
SAR ERS-1 Apr. 17-May 25, Golf
_ 1992 Stream
) SAR ERS-2 Jul. 5-Jul. 8, Agulhas
2001 Current
SAR ERS-2 Nov. 9, North coast
2000 of Spain
SAR ERS-2 Aug. 21, 1996- Globally
Jun. 2, 1997
Figure 6 shows the comparison of the significant| SCanSAR RADARSAT-1 Mar-z %%bMay 30, Sgr‘étgnﬁg’n%f
wave height measurements taken _from a \_NgMos Il aanCanSAR RADARSATL 1999 and 2002 Allantic
a buoy. The data were collected in the vicinitytioé Ocean
Ekofisk oil platform (North Sea).
Table 1. List of radar data available within the X\Wave

Figure 6. Comparison of significant wave height swee-
ments obtained from buoy records (reference, read)dmd a
WaMosS Il (black records) installed in the Ekofisk matform

(North Sea).

RADAR DATA SETS ACQUIRED

This section gives an overview of all the radamadat
which were acquired, processed or made available to
MaxWave project, as well as other radar data theew
made available to the MaxWave project. Data from
different WaMoS Il installations on board movingpsh
(Grey Fox and Northern Pioneer), as well as from th
oil off shore platform EKOFISK are available. Space
borne SAR data were acquired from two satellitd3SE
1, ERS-2 and RADARSAT-1. The space borne SAR
data available in the MaxWave project cover areas f
5 x 10 knf to up to 500 x 500 kfm(ScanSAR). In
addition, air borne Interferometric SAR (INSAR), iain
uses two SAR antennas operating simultaneously and
enabling to obtain interferometric measurementshef

project.

The cruise of Grey Fox

For the MaxWave project a WaMoS Il system was
installed temporarily on board of the Grey Foxe(se
Figure 7), which is operated by the Marine Carrier
GmbH & Co (MACS). The Grey Fox is a multi-purpose

container

vessel

sailing between

Germany and

Mozambique. The main purpose of the WaMoS I
installation was to receive data from South Atlersind
Indian Ocean, especially from the area that isiariced

by the Agulhas current along the east coast of [Sout
Africa, where the extreme wave events are observed
frequently. This allows investigating wave condit$oin
ocean regions with strong wave-current interactions
which is believed to be one of the mechanisms for
generating extreme waves. All radar data collected
during 11 weeks cruise are stored on 34 DDS tapes.

Figure 7. The multipurpose container vessel Grey (eft)
and the utilized X-band nautical radar antenna rtexion the
front mast of the ship (right).

Figure 8 shows the positions of the WaMoS Il
measurements acquired during the cruise of Grey Fox
In addition to the nautical radar image sequensgace
borne SAR data were acquired (see Table 1).



Figure 8. Map with the positions of WaMoS Il measuents
acquired on board the Grey Fox between June 6 agdst 6,
2001.

The cruise of Northern Pioneer

In addition to the Grey Fox, another WaMoS II
system was installed temporary aboard the container
vessel Northern  Pioneer  (NSB, Niederelbe
Schiffahrtsgesellschaft) on February 26, 2002 in
Bremerhaven, Germany. The purpose of this insiafat
was to receive data from the eastern North Atlantic
specially from the Gulf Stream area. This allows to
investigate wave conditions in oceanic regions with
strong fronts and strong currents, where extremeewa
events are observed more frequently. WaMoS I
sampled and stored data from February 26 to May 24,
2002. Figure 9 shows the positions where WaMoS I
measurements were taken.

Figure 9. Map with the positions of WaMoS Il measuents
taken aboard the Northern Pioneer between Febi2érgnd
May 24 2002.

Figure 10 shows an example of a nautical radar
image sampled by the WaMoS Il system aboard
Northern Pioneer. Different wave fronts approaching
the vessel can be seen. The yellow arrow in therEig
indicates the ship heading, and the white arrowcatds

the wave propagation direction as determined by the
WaMoS Il system.

Figure 10. Nautical radar image as obtained bya#oS I
system onboard Northern Pioneer on February 272 5026
UTC. The color coding corresponds to the strengdththe
radar backscatter.

SAR data

As it is detailed in Table 1, different air and spa
borne data where acquired during the MaxWave ptojec
Figure 11 shows a world map of some of the SAR data
set: The 27 days of ERS-2 global distributed imaget
which have been used to analyze extreme wave events
in different areas of the ocean. This dataset based
34000 imagettes was used to create a global aflas o
extreme wave parameters taken during southern winte
Agreements were made with the European Space
Agency to process more long term image data time
series from the radar raw data in order to credRadar
Hogben Atlas’.

Figure 11. World map showing all the positions @fdays of
ERS-2 SAR imagettes processed. Each dot repreaeBfR
imagette color coded with red (over land), and b{aeer
water). The yellow color code represent the cowerafgone
day.

As an additional example of the acquired SAR data
set for MaxWave project, Figure 12 shows a largmaar
(500 x 500 krf) scanned by the Canadian satellite
RADARSAT-1 in its ScanSAR wide swath. The scene
corresponds to the area around the southern tip of
Greenland. These kinds of images are ideal to measu



ocean surface winds in extreme weather situations
[Lehner et al., 1998; Horstmann et al., 2000].

Figure 12. RADARSAT-1 ScanSAR images of the Soiglot
Greenland, acquired on April 1, 2000 at 20:30 UTC.
Superimposed is the wind field retrieved from trears SAR
data (blue arrows) and from the HIRLAM model (recbws).

All these datasets are the basis for the resultindividual
wave statistics using the algorithms described ha hext
chapter.

DESCRIPTION
DEVELOPED
This section shows some results of the recently
developed algorithm to determine individual wave
parameters. Taking into account the goals of tlgept,
two different kind of studies where carried out hait
the WP3 for the two different radar sensors (eA4RS
and WaMosS II). The algorithms can be divided in two
main groups: The first group of methods concerro&ll
the techniques related to detect and identify iicldizl
waves. The second group deals with the algorithms

OF THE  ALGORITHMS

developed to analyze wave groups from radar images.

The description of these methods is detailed in the
following sections

Detection of individual waves from radar images and
radar image sequences

The sea surface images, which radar system
provide, are a function of many electromagnetic
scattering mechanisms at the sea surface, infldebge
currents, wave tilting, velocity of water particldscal
wind, etc. All these phenomena, known as radar
imaging effects yield the radar measurement of
intensity. Hence radar images contain informatiboua
how the sea surface backscatters the radar fialtiemr
than the wave elevation itself. Therefore, to detec
individual waves, it is necessary to invert the arad
imaging effects in order to obtain am estimatiorthef
original sea surface scanned by the radar sensor.

Figure 13 shows a scheme of the inversion
technique. So the different known transfer functiand
imaging mechanisms need to be numerically inveiried
order to obtain wave elevation maps (for the case o
SAR) or temporal sequences of wave elevation maps
(for the case of WaMoS Il). The inverted radar iemg
or radar-image sequences are then used for the
investigation of the behaviour of single wave, exie
waves and wave groups.

Fig. 13. Scheme showing the inversion method tivelavave
elevation maps from radar images.

Figure 14 shows an example of a wave elevation
map derived from the inversion scheme of an ERS-2
SAR imagette using the LISE method [Schulz-
Stellenfleth et al., 2003a]. The square in thetrjggrt of
the figure (the wave elevation map) locates thédsty
wave within the imagette area. The white line iaths
a vertical transect, shown in Figure 15, where the
highest wave can be more clearly seen.

Figure 14. SAR ocean wave retrieval in the spat@hain.
The left image (A) shows a 5x10 kmormalised ERS-2 wave
mode imagette acquired at 48.45°S, 10.33°E on AuBds
19969, 22:44 UTC. On the right (B) the retrieved sarface
elevation field is shown.



