Once the wave elevation map is obtained, the singl of the maximum wave was carried out. The maximum
wave detection can be carried out. Figure 15 shaws in the elevation map presented in Figure 16, wacett
method to determine wave heights in the spatialadom through all radar images. By following all datamsion
The methods locates each single local maximum and the transect along wave travelling direction, thatsl
finds the closes local minimum around taking into evolution of the surface elevation was derived. hBot
account the direction given by the highest gradient time series displayed in Figure 17 yield aboutshme
between the maximum and the closer minima. maximum wave height.
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Figure 15. Vertical transect of the retrieved oceave field
in range direction as indicated in Figure 14.
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Figure 16. Detection of the individual wave heigfrtam the
wave elevation map shown in Figure 14 (right). E&utal
maximum is connected to the closest local minimaking
into account the direction given by the highestdgmat
between the maximum and the minima around.

As was mentioned above each radar (SAR or
WaMosS II) has its own special features, which htwve
be taken into account to develop an inversion sehem
and from this to obtain a reliable estimation of gea

surface. B - | T
The main difference between SAR and WaMoS Il 8 6 4 2 0 2 4 6 8

data is not only the different imaging mechanismg, ]

the inclusion of the temporal dependence in the Sea surface elevation [m]

measurement. So the inversion scheme permits ieeder  Figure 16.WaMoS Il radar image as obtained on June, 02,

temporal sequences of wave elevation maps [Nieto et 2001, 22:15 at Ekofisk. The grey scale correspadthe

al., 2003]. radar backscatter strength (left). Corresponding serface

elevation map (right). The sea surface elevatiaoisr coded.

Figure 17 shows a WaMo$S Il image obtained at 1he graph in the lower right corner of the map shahe

Ekofisk on June, 02, 2001, 22:15 (left). The ingdrt section with the highest single wave of this measnt.

wave elevation map can be seen in Figure 16 (right)

From the temporal sequences of wave elevation maps

inter comparison of the spatial and temporal evatut



time series
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Figure 17. Temporal (upper panel) and spatial (fopenel)
transect of the maximum wave height.

A recent algorithm to derive wave height from WAMOS
data using tilt effects has been developed by [Benk
and Rosenthal, 2003d]. This method is as well
applicable in the case when there are no in-situ
measurements available to perform the nauticalrrada
calibration. The method is based on the deternunaif

the tilt angle at each pixel of the radar images.

Wave group analysis from radar images and radar
image sequences

Wave groups play an important role for the design
and assessment of offshore-platforms, breakwaters o
ships, because successive large single wave opests
deep troughs can cause severe damages due to their
impact, or they can excite the resonant frequencfes
the structures. For ships, an encounter with waweas
can sometimes cause capsize or severe damage. An
extreme wave can develop from a large wave grogp du
to interference of its harmonic components [Trulsen
2001]. Therefore the detection of wave groups iacep
and time is of extreme importance for ocean engmee
and scientists.

For SAR images two different algorithms have
been developed. The first one is based on a wavelet
decomposition technique to detect the borders hetwe
areas of different intensity within the SAR imades
this method works directly wit h the SAR intensity
images, it does not need to apply any kind of mewi
inversion. Figure 18 shows an example of this mettho
applied to an ERS-2 imagette.

Figure 18. Scheme of the wavelet-based wave grgupin
detection algorithm. This algorithm can as well lsed to
determine the crest length of the waves, which fs o
importance when calculating the impact waves cavelon
coastal structures.

The second method developed for SAR is based on
the determination of the two dimensional wave
envelope, the groups areas are there determined aft
thresholding the envelope. Figure 19 shows an el@amp
of the wave group detection by this method. The
threshold height is the significant wave height.



Figure 19. Determination of the wave envelope iguFé 14
(up). Wave group detection (down). Each area isrcobded
depending on its mean wave height.

For WaMoS |l image sequences, an algorithm has
been developed for investigation of the propertés
individual wave groups in space and time. Therdigy t
temporal envelope of the linear surface gravity egv
which are band-pass filtered, is determined forheac
point [Longuett-Higgins, 1986]. The filtering and
determination of the complex envelope function are
performed in the Fourier domain. The radar-image
sequences are inverted to give the 2-D sea-surface
elevation. The retrieved groups are investigateth wi
regard to their area size and maximum amplitude.
Radar-image sequences, collected with WaMoS |,
allow the measurement of the spatial and temporal
development of wave groups, their extension and
velocities [Dankert et al., 2003a].

Figure 20 shows the results of two cases analyzed.
On the left hand side a shallow water area withagew
depth of 10 m (Helgoland), and beside in deep water
(Ekofisk platform).Transparently superimposed dre t
wave envelopes of the dominant wave groups. All the
areas that are retrieved by the method are cowardd
measured regarding their spatial size, with theiltes
that the total wave group area size for each iedert
image is similar over the image sequence. The group
are not disintegrating in deep water due to dispers

Figure 20: Dominant wave groups from Helgoland
(left hand side) and beside from Ekofisk.

Transparently overlaid are the wave envelopes ef th
dominant wave groups with a chosen minimum area
size.

On the left hand side of Figure 21 the center of
energy of all selected wave groups for a givenstho&l
level of 2.5 m is shown. The travel direction of al
groups is varying, but agrees in average with tlaénm
travel direction of the single waves. One wave grou
path is shown in detail together with the traveédiion,
the group (solid contour) and its gravity centeewéry
fifth time step. The crosses give the gravity ceffioe
the other time steps. The gravity centers are aginvg
and diverging periodically over time, which could a
reason for parametric rolling of ships.



Figure 21: Left image: Center of energy of all sedd
wave groups of a Helgoland data set for a thresbbRI5 m.
One path is shown in detail. Right plot: Phase cigfoC, of
the single waves and group velocity @ith their mean values
(top) for the highlighted wave group path. The lgiees the
velocity regarding linear wave theory.

The plot beside shows the phase velocity of the
single waves §; the group velocity g with their mean
values G, = 8.35 m3 and G = 11.26 ms and the
potential energy for the highlighted wave grouphpat

The line gives the velocities regarding the linear
wave theory for shallow water, which are determined
with the frequency and wave number at the spectral
peak. Comparison of measured wave group velogiiies
shallow and deep water show good agreement of the
average value with the group velocities resultirmf
linear wave theory. However, oscillations of theugy
velocities were observed in 2D. Overall, the aggtian
of the algorithm on nautical radar-image sequences

shows the applicability of these data for detectionl
measuring of wave groups in spatial and temporal
dimensions.

GLOBAL SCALE STATISTICS OF EXTREMA
WAVE EVENTS

This section shows results of the application ef th
algorithms explained above for SAR images of the se
surface. The first example (Figure 22) shows a a@lob
map of Hy.x values estimated from the SAR data set,
which was acquired during 27 days in the winteseaa
of the southern hemisphere. It can be seen that the
highest values occur in the southern Atlantic near
Antarctica. In the northern Atlantic high individua
waves are observed due to the passage of the dnesc
Fran and George.

Figure 22. Map showing maximum single wave heigHitg.y
derived from 3 weeks of ERS-2 SAR data acquined i
August-September 1996. The rough areas in the south
hemisphere and the path of the hurricknen in the northern
Atlantic are visible.

Figure 23. Histograms of ratioht,,o{H; different intervals of
Hs in comparison to the distribution derived from Régh
distribution.

From this data set statistics of the ratio: maximum
wave height/significant wave height can be carpetl
Figure 23 shows the histograms computed for all the
data set and separated for different ranges offisignt
wave height. It can be seen that when the sigmifica
wave height is higher the probability of findindhigher
relative value of maximum wave height increases.



Swell tracking

Using the large amount of data, as the ERS-2 data
set different kind of studies on global scale cobkl
carried out. One of these studies is the swelkiracto
determine the meteorological conditions responditle
extreme waves. A possible reason for forming of an
extreme wave event can be a moving fetch. This
situation occurs, when a wave or wave system tsavel
with a storm system collecting energy from its high
wind regions for several hours or even days. Withia
project Maxwave it was possible for the first tire
identify moving fetch as reason for an extreme wave

The highest wave found in the 3 weeks of ERS-2
data from 1996 using the inversion scheme mentioned
above, is an about 25 m wave in the central pathef
southern Atlantic imaged on September 6, 00:44:40
UTC. Figures 24 to 26 show how it was tracked
backwards in time. Coming from the Brazilian catst
group speed calculated from its wavelength is only
slightly lower than the movement of a storm systsn
given by the ECMWF hindcast model wind fields.

The position of the backward tracking of the wave
position stayed within the northern high wind regiof
the storm for several days as can be seen in EQ#e
25 and 26. The storm itself turned clockwise on the
southern hemisphere and moved eastward therefore
hadving its highest wind speeds on its northerneedg
Indeed the globally highest wind speeds on Septe&be
according to the six hourly hindcast model werghie
northern part of this storm system.

Figure 25. First step of the 36 hour swell bacliag of most
extreme wave found in southern Atlantic on top bét
ECMWEF hindcast wind field.

Figure 25. Second step of the 36 hour swell backing of
most extreme wave found in southern Atlantic on ¢dphe
ECMWEF hindcast wind field.

Figure 26. Third step of the 36 hour swell backtiag of
most extreme wave found in southern Atlantic on abpthe
ECMWF hindcast wind field.

CONCLUSIONS AND OUTLOOK

Several different radar data sets were acquired in
order to investigate the relationship of maximum to
significant wave height. During ship cruises in the
Atlantic Gulf Stream and the Alghulas region joint
datasets of marine and space borne SAR data were
acquired. Global imagette datasets yield the poitgib
to derive statistics and showed that there are more
extreme waves on the oceans than was expectelisor t
period of three weeks. Data acquired with airborne
SARs are acquired only during a short time frarke &
day, but yield the possibility to investigate intbe
possibilities of new planned space borne missions.

Within the framework of the lkWave project, new
algorithms were developed to derive 2D and 3D seface
elevation fields from space borne complex synthetic
aperture radar and nautical radar data respectively
particular, these algorithms permit to investigate
individual waves and wave grouping. Therefore, the
traditional analysis of 1D buoy time series is exted
to wave fields defined in the spatial domain anatisp
plus temporal domain. The application of these
techniques to satellite SAR and WaMoS data pernit t



derive global distributed statistics on the occocee of
extreme waves and wave grouping.

The remote sensing techniques described in this
study help to find empirical relationships betweesean
sea state characteristics and probabilities ofeendr
wave events. Furthermore they help to identifyt"ho
spots" and thus to improve risk maps. With the
restrictions mentioned above it is possible to #tigate
non-Gaussian features of ocean waves, which can, fo
example, be caused by rogue waves.

At this time only 34,000 images distributed along
27 days, which correspond to three weeks of dagae w
available. For this data set, acquired during thetern
winter a highest wave of about 25 meters was fdand
the South Atlantic. The data set is still too snfall
final conclusions, e.g. on the ratio of maximum to
significant wave height. 10 years of SAR raw dat@ a
available, which will be reprocessed in the futurae
raw data of two years of ERS data are now in
processing and the respective ENVISAT dataset is
being collected.
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