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Detection of Wave Groups in SAR Images and
Radar-Image Sequences
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Abstract— The properties of individual wave groups in
space and time utilizing synthetic aperture radar (SAR) im-
ages and nautical radar-image sequences are studied. This
is possible by the quantitative measurement and analysis
of wave groups both spatially and spatial-temporally. The
SAR, with its high spatial resolution and large coverage, of-
fers a unique opportunity to study and derive wave groups.
In addition to SAR images, nautical radar-image sequences
allow the investigation of wave groups in space and time
and therefore the measurement of parameters such as the
group velocity. The detection of wave groups is based on
the determination of the envelope function, which was first
adopted for one-dimensional (1-D) time series by Longuet-
Higgins. The method is extended from 1-D to spatial and
spatio-temporal dimensions to derive wave groups in images
and image sequences. To test the algorithm, wave groups are
derived from SAR images and two radar-image sequences,
recorded at locations in deep and shallow water. It is demon-
strated that the algorithm can be employed for the determi-
nation of both location and size of wave groups from radar
images. Investigating the detected wave groups in radar-
image sequences additionally allows the measurement of the
spatial and temporal development of wave groups and their
extension and phase velocities. Comparison of measured
wave group velocities in shallow and deep water gives a de-
viation of the average value from the group velocities result-
ing from linear wave theory and shows a clear oscillation of
the group velocities in 2d.

Keywords—wave groups, group velocity, rogue waves, nau-
tical radar, synthetic aperture radar

I. Introduction

WAVE GROUPS play an important role for the design
and assessment of offshore-platforms, breakwaters

or ships, because successive large single wave crests or deep
troughs can cause severe damages due to their impact, or
they can excite the resonant frequencies of the structures.
For ships, an encounter with wave groups can sometimes
cause capsize or severe damage. An extreme wave can de-
velop from a large wave group due to interference of its
harmonic components [1]. Therefore the detection of wave
groups in space and time is of extreme importance for ocean
engineers and scientists.

In our mathematical description wave groups are the re-
sult of superposition of elementary wave components (e.g.
sinusoidal waves) moving in similar direction with slightly
different wave lengths and periods. The groups on the
ocean surface, characterized by amplitudes above a thresh-
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old, move with their own group velocity. The group veloc-
ity is important because wave energy is propagated with
this velocity. In deep water the speed of individual crests
and troughs is called phase speed and is usually greater
than group velocity. For a sinusoidal wave with wave num-
ber k and frequency ω the phase speed is described by
C = ω/k. The group velocity for a superposition of si-
nusoidal waves with slightly different frequencies and wave
numbers is Cg = ∂ω/∂k, the gradient of the dispersion
relation of linear surface-gravity waves. This mathemati-
cal idealized group velocity for a narrow spectrum is not
valid for all types of observed wave groups. We will show
in chapter V wave groups on the ocean that move with
different velocities.

Wave groups have already been studied on 1d-data sets
from wave recorders. Thereby the sea surface elevation
is measured in situ at one fixed point over time. Longuet-
Higgins [2],[3] was one of the first to investigate wave groups
by considering the wave envelope. In this work the main
assumptions are that the sea surface is considered a Gaus-
sian process and the frequency spectrum consists of a sin-
gle narrow frequency band. Only in the latter case can
wave groups be meaningful defined. For a wide-banded
frequency spectrum the organized movement of waves is
less noticeable and the concept of a carrier wave is not use-
ful. Each large wave could be taken as a crest of a wave
group.

The limitation of considering the sea surface over time at
fixed points in space can be overcome by measuring with
imaging devices. We concentrate in this work on radar
images. The European satellites ERS-1, ERS-2 and re-
cently ENVISAT, continuously record images of the ocean
surface with a synthetic-aperture radar (SAR) from a near-
circular, polar and sun-synchronous orbit at a mean alti-
tude of 785 km. Thereby the radar backscatter from the
ocean surface, called sea clutter, is modulated by the long
surface waves. The imaging mechanisms are basically well
understood [4], [5] so that it is possible to study the behav-
ior of the ocean gravity waves with this instrument. The
ERS-SAR acquires images with a size of approximately 100
m × 100 m with a spatial resolution of ≈ 25 m in range
(antenna look direction) and 6 to 30 m in an azimuthal
direction (flight direction). It operates at a frequency of
5.3 GHz (C-band) and transmits and receives with linear
vertical polarization at incidence angles between 20◦ and
26◦.

SAR intensity images are single images and contain no
information on wave travel direction. But as in SAR im-
ages every scattering point of the sea surface is illuminated
for about 0.7 seconds phase information of single look com-
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plex (SLC) data can be used to select subintervals of this
integration time, creating different images of coarser spatial
resolution with a time difference of about 0.5 s. By com-
puting the cross spectrum of the two images, the direction
of the wave movement can be determined [6].

To capture a time series of ocean wave movement im-
age sequences from a real aperture radar (RAR) can be
utilized to overcome the directional limitation of single im-
ages. Young et al. [7] showed that it is possible to use
a nautical radar to extract spectral information on the
ocean surface wave field from the modulated backscatter
of microwaves. For this purpose the Wave Monitoring Sys-
tem (WaMoS) based on a nautical radar was developed
at GKSS Research Center [8], [9], which allows for digiti-
zation of time series of polar nautical radar images. The
nautical radar operates at 9.5 GHz (X-band) with hori-
zontal and vertical polarization in transmitting and receiv-
ing near grazing incidence [10]. It covers an area within
a radius of about 2 km. The polar images are converted
to rectangular coordinates. The grid size is chosen to be
equal to the radar resolution of ≈ 10 m. The number of
analyzed radar images is basically unlimited, but 32 are
sufficient for operational purposes, such as the determina-
tion of 2d-wave spectra and sea state parameters. With
an antenna-rotation time of about 2 s it takes therefore
about 1 minute to record a data set. Should a method ex-
ist enabling the detection of extreme wave groups in radar-
image sequences, safety programs could be started before
a dangerous group could reach an oil-platform. Nautical
radars for wave detection are operated on several towers
in the North Sea, e.g. on the Norwegian Oil Platform
”Ekofisk” and in the shallow water area at the island of
Helgoland. Furthermore in the framework of the European
project ”MaxWave” data were recorded aboard a multi-
purpose container vessel sailing between Northern Europe
and South Africa, passing the Aghulas Current, with strong
wave-current interactions.

We emphasize in this paper the distribution and the
properties of individual wave groups in space for typical
sea states that are usually defined by statistical quanti-
ties like the significant wave height HS , peak frequency
fP , directional spread etc.. An algorithm is developed and
tested utilizing SAR images and nautical radar-image se-
quences. The wave groups from radar-image sequences are
further investigated regarding their measured group veloc-
ity in comparisation with the theoretical group velocity.

II. Derivation of spatio-temporal Wave Envelope

Wave groups are the result of interference of wave com-
ponents moving in similar direction with slightly different
periods. The group properties of a wave record of the sea-
surface elevation in time at one location can be described
with its wave envelope function [2], [11], [12]. If a car-
rier wave can be found in the signal, the wave envelope is
always defined by the local and temporal amplitude and
phase. Thereby mathematically the carrier wave can al-
ways be defined as a wave with wave number �̄k and angular
frequency ω̄ from the coefficients of the variance spectrum

[2].
To retrieve 3d-wave groups (two horizontal space dimen-

sions, one time dimension) in the spatio-temporal domain
the 3d-wave envelope has to be determined. The sea-
surface elevation η(�r, t) at a location �r = (x, y) and time
t for a finite area of size Lx × Ly and a finite time inter-
val T can be expressed locally as the product of a complex
envelope function ρ̂(�r, t), the analytic signal of the real val-
ued η(�r, t) respectively, centered on the wave number and
angular frequency of the carrier wave (�̄k, ω̄), and a carrier
wave:

η = �eρ̂(�r, t)ei(�̄k·�r−ω̄t), (1)

with

ρ̂(�r, t) = ρ(�r, t)eiφ(�r,t) =

Nx
2 −1∑

m=−Nx
2

Ny
2 −1∑

n=−Ny
2

NT
2 −1∑

τ=−NT
2

ξ(�k(m,n), ωτ )ei[(�k(m,n)−�̄k)·�r−(ωτ−ω̄)·t],

where kxm = 2πm
Lx

, kyn = 2πn
Ly

and ωτ = 2πτ
T . N(x,y) are the

number of points of the rows and columns in the images and
NT gives the number of images. The wave-number vector
is �k = (kx, ky). ρ̂(�r, t) is defined by the wave crests, where
it is determined by the wave elevation or by the square root
of the potential energy Ep. The vertical velocity w(�r, t) for
each component is shifted relative to the amplitude by a
phase of π/2. At the wave crests η(�r, t) has its maximum
and the phase φ = 0. w(�r, t) for each component of ρ̂(�r, t)
vanishes at these points and therefore the kinetic energy
Ek is zero. ρ(�r, t) is the real envelope function of η(�r, t),
which is the modulus of the analytic function ρ̂(�r, t).

With the given real valued image sequence and its
Fourier transform F (�k, ω), the complex envelope function
ρ̂(�r, t) is defined by

ρ̂(�r, t) = 2

Nx
2 −1∑

m=−Nx
2

Ny
2 −1∑

n=−Ny
2

NT
2 −1∑
τ=0

F (�k(m,n), ωτ )ei[�k(m,n)·�r−ωτ ·t],

which is just the inverse (discrete) Fourier transform of
the positive frequency part of F (�k, ω). It is likewise which
frequency domain is selected since F (�k, ω) is a Hermitian
function. The Fourier transform F̂ (�k, ω) of ρ̂(�r, t) is given
by

F̂ (�k, ω) = 2u(ω)F (�k, ω). (2)

where u(ω) denotes the Heaviside unit step function:

u(ω) :=
{

1 if ω > 0
0 if ω < 0 (3)

To get a smoother envelope, one has to filter out the
higher frequency components in the record, while on the
other hand, wave components with frequencies much lower
then those of the dominant waves (the mean sea surface
level is generally not of interest) can be neglected. This
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can be done in a preprocessing step. Longuet-Higgins [3]
for instance filtered out the high and low frequencies. Prac-
tically, the data set is transformed into the fourier domain
with a Fourier transformation and a bandpass-filter is ap-
plied to the complex Fourier coefficients for the chosen low
and high cut-off frequencies.

This method for determining the envelope function can
be applied to single images as well. Because of the axis de-
pendency of the Hilbert transform in space dimensions, the
elimination of the conjugate part of the Fourier coefficients
in the wave-number spectrum for multi-modal wave fields
can be ambiguous as the spectral peaks of the overlaying
wave systems could overlap. The problem can be resolved
by introducing a virtual frequency domain using the disper-
sion relation of linear surface-gravity waves, which is dis-
cussed later. The function is connecting the wave-number
and frequency coordinates. In this way the wave-number
frequency domain can be virtually constructed and the in-
dividual modes are separable.

For the time development of the sea surface elevation
one may look for wave groups that propagate with a shape
that is not changing in time. This means that ρ̂(�r, t) moves
with a constant velocity �vG and has the shape

ρ̂(�r, t) = ρ̃(�r − �vGt). (4)

�vG is not necessarily the theoretical one dimensional group
velocity ∂ω/∂k.

III. Algorithm

The scheme of the complete algorithm is described as fol-
lows and is shown in Fig. 1. A given record of an image se-
quence G(x, y, t) is first transformed into the wave-number
frequency domain with a 3d Fast-Fourier Transformation
(FFT), resulting in a complex 3D-image spectrum:

F̂ (kx, ky, ω) =
∑
x,y,t

G(x, y, t)e−i(kxx+kyy−ωt) (5)

The signal of linear surface-gravity waves is well-located on
a surface in the wave-number frequency domain defined by
the dispersion relation of linear surface-gravity waves [7],
[13]:

ω2 = gk tanh kd (6)

where g is the gravitational acceleration and d the water
depth. The so-called dispersion shell connects the wave-
number coordinates �k with their corresponding frequency
coordinate ω (see also Fig. 2). This function is used for a
pre-selection of the Fourier coefficients in the spectrum of
a multimodal wave field with image features that are not
resulting from ocean surface waves.

To retrieve a smooth envelope, a bandpass-filter is used
to select the Fourier coefficients around the spectral peak
and suppress noise from non-relevant spectral components.
This is performed by a normalized 3D-Gabor filter which
has the advantage of reducing the filtering effects in tem-
poral and spatial domain. A certain wave-number range
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Fig. 1. Scheme of the Algorithm.

and frequency-range around the peak wave-number k0 and
peak frequency ω0 is selected using a Gaussian function:

Ω̂(kx, ky, ω) = e−π(|kx−kx0|2σkx+|ky−ky0|2σky +|ω−ω0|2σω)

(7)
where σkx

, σky
and σω are the standard deviations that de-

fine the filter bandwidth in the corresponding dimensions.
The filter is similar to a windowed Fourier transformation
with the Gaussian function as window function. In case
there are several overlapping wave systems, a segmenta-
tion has to be performed. This can be done in the way
introduced above or by applying the 3D-Garbor filter to
every significant peak in the spectrum of the dominating
wave systems.

The 3D-Gabor filter is multiplied with the complex
Fourier coefficients of the wave-number frequency spec-
trum. The remaining spectrum consists only of the dom-
inant harmonics around the spectral peak as indicated in
Fig. 2. To retrieve the complex envelope function of the
remaining signal the complex Fourier coefficients with neg-
ative frequencies F̂−(�k, ω) are eliminated from the spec-
trum.

In the next step of the algorithm, an inversion technique
is applied to the image spectrum F̂ (�k, ω) to obtain the
ocean wave field [14]. The spectral amplitudes of the image
spectrum I(�k, ω) (the variance spectrum of grey levels) and
the ocean wave spectrum E(�k, ω) (the variance spectrum of
surface heave) are connected by an image transfer function
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Fig. 2. The dispersion relation is used for a pre-selection of the
Fourier coefficients in the spectrum of a multimodal wave field
with image features that are not resulting from ocean surface
waves. After multiplying of the 3D-Gabor filter with the com-
plex Fourier coefficients of the wave-number frequency spectrum
the remaining spectrum consists only of the dominant harmon-
ics around the spectral peak. The complex envelope function of
the remaining signal is determined by eliminating the negative
frequencies from the spectrum.

M(�k):
I(�k, ω) = |M(�k)|E(�k, ω), (8)

where M(�k) is parameterized as power law

|M(�k)| = α|�k|β . (9)

The exponent β has been retrieved by studying modula-
tion effects like tilt modulation and shadowing. Thereby,
Seemann [13] found shadowing the dominant modulation
mechanism at grazing incidence, which gives β ≈ 1.2. The
calibration constant α is retrieved by comparison of the
spectral zero-order moment of the image spectrum with
in-situ measurements of the significant wave height.

After applying a 3D inverse Fourier transformation, the
complex envelope of the wave field is determined in the
spatial and temporal domain. To retrieve the dominant
wave groups the modulus of the complex envelope, the am-
plitude, is filtered by simply thresholding. The obtained
group areas are analyzed in regard to their area size, length
and number of waves in a group. These parameters are used
to discriminate between the groups for a final selection.

If the spectrum is wide-banded, the filtered frequency
range of the bandpass filter has to be re-adjusted. The
retrieved envelope will not be as smooth and maybe more
difficult to analyze.

IV. Results from Single Radar Images

Two kinds of radar images were chosen to analyze wave
groups. The first is a SAR image that was acquired on
September 26, 1995, at the south-west coast of Norway by
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Fig. 3. Variance of the wave-number spectrum. The complex Fourier
coefficients are filtered using a 2D-Gabor filter as band-pass filter,
which is indicated by the white ellipse.

the satellite ERS-1. Fig. 4 shows the image with dimen-
sions of about 100 km × 100 km. In the selected sub-
image, with a size of about 12.8 km × 12.8 km, a range
travelling wave system is visible. The authors want to con-
centrate here on spatial and temporal distribution of wave
envelopes and therefore the grey-level images instead of
ocean topography are discussed. The nonlinearities of the
SAR imaging effects such as velocity bunching and acceler-
ation smearing are neglected [5], [15], [16] and the authors
rely on a quasi-linear approximation. The resolution of
≈30 m has the same effect as a low pass filter so that only
waves longer than ≈90 m are imaged by the SAR. To re-
trieve wave groups, the image is processed according to the
algorithm.

Fig. 3 shows the variance spectrum of the Fourier trans-
formed image with range and azimuth wave numbers, kx

and ky respectively. The corresponding wave lengths lx
and ly are plotted on the right and top. The intensity
of the spectral amplitude is normalized to the intensity
of the spectral peak of the filtered wave systems to high-
light them. For retrieval of the complex envelope function,
one of the point-symmetric spectral peaks is chosen us-
ing a 2D-Gabor filter, as indicated by the white ellipse in
Fig. 3. The remaining complex Fourier coefficients are
back-transformed by an inverse 2D-Fast Fourier Transform
(FFT). The dominant wave groups are selected by thresh-
olding the amplitude of the spatial determined wave enve-
lope and by selecting only wave groups with a area size of
at least 550 m × 550 m.

In Fig. 4 a SAR-sub image is depicted. Transparently
overlayed are the wave envelopes of the selected dominant
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Fig. 4. SAR image taken by the ERS-1 satellite at the south Nor-
wegian coast on September 26, 1995. The image size is about
100 km × 100 km with a pixel size of 12.5 m. A sub image of
about 12.8 km × 12.8 km has been extracted. It shows a range
travelling ocean wave field. The selected dominant wave groups
are transparently overlayed. A cut through the SAR image (black
line in the sub image) is plotted. The thin dotted curve represents
the intensity values from the SAR image, which were reduced for
speckle. The band-pass filtered wave field is represented by the
solid curve and the corresponding envelope function (bold curve)
is overlayed. The selected groups are marked on the envelope.

wave groups. A cut through the SAR image (black line in
the sub image) is plotted. The thin dotted curve repre-
sents the intensity values from the SAR image, which were
reduced for speckle. The band-pass filtered wave field is
represented by the solid curve and the corresponding en-
velope function by the bold curve. Several dominant wave
groups are visible. These wave groups were selected by the

085627 085642

085657 085712

085727 085757

085812 085827

Fig. 5. 8 Imagettes recorded by the ASAR (advanced SAR) of the
ENVISAT satellite launched in February 2002. The image size
is about 5 km × 10 km with a pixel size of 5 m × 20 m. The
imagettes show range travelling ocean wave fields. The selected
dominant wave groups are transparently overlayed.

algorithm and marked on the envelope.
The second data set is a set of imagettes, available

from the ASAR (advanced SAR) of the ENVISAT satellite
launched in February 2001. The dimensions are 5 km × 10
km with a pixel size of 5 m × 20 m. In Fig. 5, eight exam-
ples of the analyzed imagettes are shown. The imagettes
show range travelling ocean wave fields as well as the SAR
image. To retrieve wave groups the imagettes have been
processed with the algorithm. The selected dominant wave
groups are transparently overlayed.

The wave groups in fig. 4 and 5 show preferred direc-
tions along which the wave groups are lined up. Their dis-
tributions in space may therefore deviate from a random
selection. The wave numbers for the individual groups are
well defined in components along travel directions k‖ and
perpendicular to travel direction k⊥ (The authors define
the travel direction perpendicular to the crest and through
directions and resolve the 180◦ ambiguity by inspecting
weather charts, which show winds from westerly direc-
tions). That means, it can be concluded quantitatively
the travel speed Cg of the groups from

Cg = ω/k‖ (10)

where ω results from the deep water dispersion relation

ω = g(k2
‖ + k2

⊥)0.5. (11)

From equation 10 it follows that the groups travel with the
theoretical group velocity or faster, a result that will be
taken up again in chapter V.

V. Results from Radar-Image Sequences

Using radar-image sequences the behavior of wave groups
in space and time can be studied in the temporal and spa-
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Fig. 6. Image sequence of the radar backscatter digitized by the
Wave Monitoring System (WaMoS II) at the island of Helgoland
(Germany). The backscatter signal is recorded spatially and tem-
porally. The sampling period ∆t per image is approximately 2
s.

tial domain. As an example the algorithm has been applied
to two radar-image sequences acquired from tower-based
stations in the North sea. Both image sequences have
been recorded by the Wave Monitoring System (WaMoS
II). WaMoS II utilizes a conventional marine X-band radar
to measure the backscatter of the microwaves from the sea
surface. The temporal sampling period, given by the an-
tenna rotation period ∆t, is approximately 2 s. One data
set was recorded in a shallow water area with a variable
water depth of about 10 m at the island of Helgoland, the
other was recorded in deep water at the Ekofisk platform.
The image sequence from Helgoland consists of 64 images,
whereas the Ekofisk data set has 32 images. The data sets
cover a total time period of 2 minutes and 1 minute, respec-
tively. Again, the resolution of ≈ 10 m works as a low pass
filter so that only waves longer than ≈ 30 m are imaged by
the system.

In Fig. 6 the image sequence from Helgoland is shown.
After transforming the image sequence into the wave
number-frequency domain using a 3D-FFT one gets the
variance (squared modulus) and the phase of the complex
Fourier coefficients. Fig. 7 shows a wave number-frequency
slice of the variance spectrum. The signal of the linear
surface gravity waves, which is located on the dispersion
relation (dashed curves) is filtered by multiplying the com-
plex spectrum with the normalized 3D-Gabor filter. Only
the complex coefficients in the positive frequency domain
are selected (area bounded by ellipse). The image transfer
function is applied with the given significant wave height
to convert the given image spectrum into a wave spectrum.
After back transformation of the remaining Fourier coeffi-
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Fig. 7. Wave number-frequency slice trough the variance of the three
dimensional spectrum after applying a 3D-FFT to the image se-
quence. The dashed curves give the dispersion relation, whereby
it’s shape is changed due to near surface currents. Filtered are
only the complex Fourier coefficients bounded by the ellipse. By
eliminating the redundant part of the variance in the negative
frequency domain the wave envelope is constructed.

cients in the wave number-frequency domain with an in-
verse 3D-FFT into the spatio-temporal domain, the com-
plex envelope function of the dominant surface waves is
spatially and temporally determined.

By applying a threshold on the envelope amplitude the
dominant wave groups are selected. Fig. 8 shows the re-
sults of both analyzed cases, with the shallow water case
from Helgoland (top) and the deep water case from Ekofisk
(bottom). The static pattern has been removed from the
images to make the imaged waves clearer. Transparently
superimposed are the wave envelopes of the dominant wave
groups. All the retrieved areas are counted and measured
here in regard to the area size. Fig. 9 gives the rela-
tion between threshold level and total area size for each
inverted image of the image sequence from Ekofisk. For
each threshold level the area size is similar over the image
sequence because the groups are not disintegrating in deep
water due to dispersion.

The speed of wave groups, defined by the velocity of
the ”gravity” center of energy of the selected propagating
envelope surface weighted by the potential energy ρ2, which
is termed group velocity Cg is given for one dimensional
cases by:

Cg =
1
2
[1 +

2kd

sinh 2kd
]C, (12)

with C the phase velocity of the individual waves, which
is defined as ωk−1, the water depth d and wave number k.
In deep water the term (2kd)/(sinh 2kd) is approximately
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Fig. 8. Sample images of the image sequences from Helgoland (above)
and Ekofisk (below). After applying the method one get the
dominant wave groups. The static pattern has been removed
from the images to make wave patterns more clear. Transparently
overlayed are the wave envelopes of the dominant wave groups
with a chosen minimum area size.

zero, giving:

Cg0 =
1
2
C (13)

where the index 0 denotes deep water. In shallow water
sinh(2kd) ≈ 2kd and

Cgs = C ≈
√

gd, (14)

with index s denoting shallow water. These equations have
been used for a first comparison with the group velocities in
two dimensions. The determination of the phase velocities

0 1 2 3 4 5
Threshold [m]

0

2

4

6

8

10

12

A
re

a
S

iz
e

[k
m

]
2

Ekofisk 2/4k, 02-10-2001

Fig. 9. Total wave group area size for various thresholds. Each
threshold is applied to all inverted envelope images of a sequence.
For each threshold level the area size is similar over the image
sequence because the groups are not disintegrating in deep water
due to dispersion.

of the individual waves is done using a differential-based
motion estimation technique [17].

Fig. 10 shows the result for the deep water case from
Ekofisk. The upper image shows the center of energy of all
selected wave groups for the image sequence of Ekofisk with
a threshold for wave envelope height of 3.00 m. Again, the
center of energy is defined to be the ”gravity” center of a
wave group weighted by the potential energy ρ2. The travel
direction of all groups is varying, but goes in average with
the main travel direction of the single waves. The lower
plot shows the phase velocity of the single waves (dashed
curve) and the group velocity (solid curve) with their mean
values (top) for the highlighted wave group path. The lines
give the velocities regarding the linear wave theory, which
are determined with the frequency and wave number at
the spectral peak. Phase and group velocity are oscillating
around their theoretical values. The group velocity is in
average higher. In Fig. 11 the same plots for the shallow
water case from Helgoland are shown. Theoretically phase
and group velocity have the same value in shallow water,
but the measured average velocities differ from each other
and, both, phase and group velocity, are oscillating over
time. Sometimes the group velocity is higher, sometimes
lower than the phase speed of the single waves. To give
a first explanation of the physical processes behind this
phenomenon one has to observe the moving single waves
and the envelope function in the image sequences. Watch-
ing the animated single waves of the deep water case at
Ekofisk, an observer can see waves that originate at the
rear of a group, move forward through the group travelling
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Fig. 10. The upper image shows the center of energy of all selected
wave groups for the image sequence of Ekofisk with a threshold
for wave envelope height of 3.00 m (white area). The center
of energy is defined to be the ”gravity” center of a wave group
weighted by the potential energy ρ2. The travel direction of
all groups is varying, but goes in average with the main travel
direction of the single waves. The lower plot shows the phase
velocity of the single waves (dashed curve) and the group velocity
(solid curve) with their mean values (top) for the highlighted
wave group path. The lines give the velocities regarding the
linear wave theory.

at phase velocity and disappear at the front of the group.
These waves give an explanation for seemingly increasing
and decreasing group velocities. Fig. 12 shows a sequence
of six images of the modulus of complex envelope (ampli-
tude) from the Helgoland data set. The images have a time
difference of 10 s. The dashed lines mark a distance of 500
m and the arrow gives the travel direction of the dominant
group in the images. The waves in this area are travel-
ling in an easterly direction. Observing the wave envelope
gives an energy transfer in two dimensions and therefore
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Fig. 11. The images show the same like Fig. 10 for the image
sequence of Helgoland in a shallow water area with a threshold
for wave envelope height of 2.50 m (white area). The travel
direction of the groups is particulary strongly varying, but goes
in average with the main travel direction of the single waves.

also addresses the wave crests. Determining the angle of
the measured group-velocity vector validates the observa-
tion and shows that wave groups are, therefore, not only
travelling with the waves. Furthermore, one can see how
the wave group is developing and is varying in both ampli-
tude and horizontal dimensions. A transversal modulation
of the wave groups by other waves systems might be an
explanation. The 2d change in size of the wave groups is
especially interesting because it may be correlated with the
background horizontal currents in the area [18].

VI. Conclusions

Properties of individual wave groups in single radar im-
ages as well as radar-image sequences have been stud-
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Fig. 12. Sequence of six images from Helgoland of the modulus of the complex envelope function after applying a inverse 3d-FFT to the
filtered complex Fourier coefficients of the wave number-frequency spectrum. The images have a time difference of 10 s. The dashed
lines mark a distance of 500 m and the arrow gives the travel direction of the dominant group in the images.

ied. This was possible by the quantitative measurement
and analysis of wave groups both spatially and spatial-
temporally. An image or image sequence of linear surface
gravity waves is band-pass filtered and the temporal enve-
lope was defined at each point. The filtering and deter-
mination of the complex envelope function are performed
in the Fourier domain. The radar-image sequences are in-
verted to give the 2d sea-surface elevation. The retrieved
groups are investigated with regard to their area size and
maximum amplitude.

A SAR image acquired by the European satellite ERS-1,
imagettes from the European satellite ENVISAT and im-
age sequences recorded using a conventional nautical radar
have been analyzed. The SAR image has been recorded
at the south-west coast of Norway and the ENVISAT im-
agettes are first examples from the ocean surface. The
radar-image sequences are from two different locations, one
from a shallow water area at the island of Helgoland and
the other one from a deep water area at the Ekofisk plat-
form. It was possible to determine location and size of wave
groups from SAR imagery. The large coverage of SAR im-
ages, together with their high resolution, provide valuable

information about the distribution and size of wave groups.
Radar-image sequences, collected with the WaMoS system,
allow the measurement of the spatial and temporal develop-
ment of wave groups, their extension and velocities, which
has been done here. Comparison of measured wave group
velocities in shallow and deep water gives a deviation of the
average value with the group velocities resulting from lin-
ear wave theory and shows a clear oscillation of the group
velocities in 2d.

Overall, the application of the algorithm on SAR images
and the results from nautical radar-image sequences show
the applicability of these data for detection and measuring
of wave groups in spatial and temporal dimensions.

In the next step the physics behind the phenomenon
of oscillating group velocity and energy transfer along the
wave crest is further investigated.
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